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This effort was part of an ongoing research endeavor to
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of many past Alr Force Institute of Technology students.
This study investigates the robustness of the tracker to a
number of parameter varliations.
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g Abstract gh
o
o,
This thesis extends the AFIT research directed towards 3:
. f..
replacing a standard correlation tracker with a Kalman ?&
filter bank/enhanced correlation tracker in a high energy
laser weapon system. Airborne targets are tracked by a
] Bayesian multiple model adaptive flltering (MMAF) algorithm,
which utilizes an array of infrared sensing detectors as the
measurement information for two-dimensional position data. "
Two different target dynamics models are exercised: a :
linear, Gauss-Markov accleration model, and a nonlinear, z,
-.-J-
constant turn-rate model. Performance analyses are fi
>
accomplished via Monte Carlo simulation technigques. fx
- el o
i!’ Extending the adaptive potential of the tracking algorithm !h
is of primary emphasis. The effects of bending and 3,.
: vibration of a large space structure on the FLIR's ability -
S
to resolve target position is analyzed. Also, a performance L,
-\ L)
comparison/simulation time tradeoff is conducted with the E:
A 4
-
tracking algorithm operating ot both 30 Hz and 50 Hz. Qg
i
S8ensitivity studies of adaptive responsiveness to varying ?%
target trajectories, varfous filter-assumed correlation
' times, range to pixel size relationships, and pixel size to {ﬁﬁ
St
filter driving white noise strength relationships are 3.4
R
performed. The robustness of the multiple model algorithm j}:
is demonstrated by its ablility to adapt to scenarios which 3§:
RCEaE
. it had not been previously tuned. - g
el 1"\1“1
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A MULTIPLE MODEL ADAPTIVE TRACKING

ALGORITHM AGAINST AIRBORNE TARGETS

I. Introduction

In view of the Strateglic Defense Initiative, increased
interest has been placed on the laser as a prime candidate
for a potential weapon in a space-based defensive system.
Because of a laser'’'s ability to transmit energy from the
weapon to the target at the speed of light, the need to
compute a lead angle, a necessity with ballistic projec-
tiles, is eliminated. However, several factors affect a
laser's effectiveness on a given target: the medium in which
the beam travels, the power or intensity of the beam, the
capability to acquire the target, and the ability to track
the target for a sufficlent time to neutralize it.

The precision pointing and accurate tracking capabili-
ties are crucial to the development of a laser weapon
system. It would not suffice to "paint" the target with
laser energy nor is it feasible to have a space-based laser
powerful enough that would neutralize a target
instantaneously. Limited energy is available in the laser
beam, thus motivating the research into highly accurate

pointing and tracking systems for space applications.
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No e 1.1 Background
:-I _.':‘.:: ;
d The Air Force VWeapons Laboratory (AFWL) at Kirtland
,f: AFB, New Mexico, 1Is currently developing and testing a high ;
Y
:E energy laser weapon for use against airborne targets. The
ha current tracking method employs a Forward Looking Infrared 2
jl Sensoxr (FLIR) to detect the target passively and maintain a z
‘;} low probability of detection by the target. The FLIR detec- )
o ,
. tor plane comprises a 300 x 500 array of pixels, or picture :
N elements, where each pixel can focus detected energy through
v an angle of 20 micro-radians in two orthogonal directions.
P The tracking algorithm extracts a "tracking window" from the L
:Ei larger array and processes the detector outputs to align the E
'n " . ]
:: tracker's field-of-view (FOV). This algorithm detects tar-
e
3 ‘o get offsets from the center of the FOV.
ii ’ Currently, AFVL employs a correlation tracker to pro- \
"-' .
;?h cess pointing and tracking sensor information. This tracker )
o \
S compares the previous sample of FLIR information to the
:: present information. Relative position offsets from one
‘-J‘. .
‘:j data frame to the next are cross correlated and this infor-
a
" mation update commands the control system to center the
Ef target in the field-of-view. This enables the laser to
;; maintain lock on a given target since the FLIR and laser
- share the same optics.
RN
:: 8ince no a priori knowledge of target characteristics
fi is required, the correlation tracking algorithm can be
« 7 applied to a wide variety of targets; however, it exhibits
;:3 ;f? several limitations. First, the correlation algorithm does !
VA
v




not take advantage of target dynamic characteristics, which )
have been thoroughly documented. 1In addition, it is highly
susceptible to noise and is not capable of distinguishing
between apparent target motion due to signal corruption, as
a result of atmospheric distortion, and true target motion.
This "jitter" effect (18) could cause a translation in the
FLIR image plane and thus result in the laser beam pointing
in a direction other than towards the target. Mirror vibra-
tion effects and system component bending effects also con-
tribute to the image plane translation phenomena. Another
limitation is the time difference between computing the
image correlation and the actual time for the gimbal system

to engage for pointing. A tracking algorithm that antici-

’, pates future target position based upon past and present ‘
information could compensate for these limitations. 1
Since, under the appropriate conditions, {t is an
optimal linear estimator, the Kalman filter (9) is ideally
suited for overcoming these limitations. By modeling
different types of targets, various parameters such as size,
< shape, and acceleration characteristics of each target type
-"‘
:j would either be known or could be estimated. If statistical
R
}t characteristics of measurement errors and atmospheric jitter
. are included, the filter can predict target position more
ﬁ? accurately. This prediction, or optimal estimate, reduces
.r_:.
i} tracking errors due to time delays or pointing system lags
s e by allowing the FLIR to anticipate target motion.
-.. .';\- \
- -
\.
“~ J
' 3
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1.2 Previous AFIT Research

Over the past eight years, the Air Force Institute of
Technology students and staff have generated numerous papers
and theses investigating the feasibility and performance
benefits of both enhanced correlation/linear Kalman filter
tracking and extended Kalman filtering tracking algorithms,
all incorporating online adaptations, with the high energy
laser pointing and tracking system. Both Netzer (14) and
Tobin (19) had summarized their predecessor's endeavors and
a modification of their observations follows.

Initially, the study by Mercier (12) demonstrated that
the extended Kalman filter (EKF) algorithm outperformed the
standard correlation tracker algorithm in the ability to
track long range targets modeled as infrared radiation point
sources. The FLIR plane image of the target was assumed to
have a bivariate Gaussian distribution and was modeled with
equal-intensity, circular contours. The four-state filter
was predicated on a benign target dynamics model with a
first order, zero-mean Gauss-Markov (GM) position model.
The intensity distribution due to atmospheric disturbances
was initially approximated by a third order shaping filter,
and then this was replaced by a first order shaping filter
driven by white, Gaussian noise through reduced order
modeling. Filter measurement noise was considered to be
uncorrelated in both time and space. This tracking

algorithm enhanced tracking performance an order of
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AN magnitude better than observed with the correlation tracker
in benign scenarios.

Harnly and Jensen (4) incorporated velocity and accel-
eration estimates to accommodate for the tracking of more
maneuverable targets. They extended the FLIR plane image

:; constant-intensity contours to represent an elliptical con-
figuration oriented at specified angles such that the major
axls was aligned with the estimated velocity vector (versus
circular contours), in addition to Iincorporating a spatially
v correlated Gaussian noise model to represent FLIR sensor and
background noises. They also incorporated a maneuver detec-
tion algorithm and a means of appropriately responding to

detected maneuvers by gain changing and modification of the

g: dynamics models. Finally, they modified the algorithm to
;» estimate the target's true size and shape adaptively.
: In previous research efforts, the extended Kalman £11-
ters were given target intensity function information,
:% specifically that bivariate Gaussian shapes adeguately

depicted the targets, perhaps requiring some estimation of
parameters assocliated with that function. Research by

Singletery (17) and Rogers (16) implemented algorithms which

R 4
NS

made no a priori assumption about target shape and tested
the algorithms against targets with multiple hot-spots and
several dynamic orientations. Rogers developed an alterna-
tive tracker which used the target shape function as a

template for an enhanced correlator. The correlator

-----------
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produced measurement offsets in the two orthogonal direc-

tions from the center of the FOV and fed these measurements
as inputs to a linear Kalman fil:er. A linear Kalman filter
rather than a non-linear extended Kalman filter could be
utilized since the measuremerts, or offset distances, were
linear functions of the filter states. When analogous
performance is achievable, the linear Kalman filter is
preferred over the extended Kalman filter AQue to the lower
level of computational loading.

Kozemchak (7) continued the research by implementing
the digital signal processing techniques of Rogers' (16)
shape identification algorithm for the case of highly
dynamic targets. He substantiated that filters based on
both the Gauss-Markov target acceleration and constant turn-
rate target dynamics exhiblted good tracking performance in
the presence of dynamic images; these dynamic images
corresponded to realistic projections of multiple hot-spot
targets onto the FLIR image plane. Tracking performance was
also favorable when experiencing drastic image changes
inherent in constant g and constant roll-rate maneuvers,

Further research by Millner (13) included a data
processing algorithm to generate an estimated intensity
function relationship to be utilized as a template in the
correlation algorithm, which is the same as Rogers' (16)
alternative filter idea, although with a modified dynamics
model to address the highly maneuvering target scenario.

This method showed that nearly identical tracklng
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ﬁ}ﬁ; performance was achieved in both the single and multiple Y
¥y -t

hot-spot scenarios. However, inadeguate target tracking

]
a4

performance occurred for targets exhibiting maneuvers in

excess of five g's.

P

In an attempt to thwart this limitation, Flynn (3)

AALAT S RNRNRE 4

.
L
L

investigated the possibility of multiple model adaptive

P

s

filtering (MMAF) techniques for filter implementation.
Suizu (18) pursued this effort and successfully implemented
the MMAF in addition to demonstrating that it performed well

against a wide dynamic range of targets. The model con-
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tained a bank of two filters, one tuned for highly g
maneuvering targets with a FOV of 24 X 24 pixels and the E%

other tuned for benign targets with a FOV of 8 X 8 pixels. E

2. ,
6. Based upon probablilistic weighting, the filter adaptively _',__
changed the assumed target dynamics and corresponding FOV ES

array, which resulted in increasing filter performance to %3
allow the tracking of targets varying from benign straight- 17.

line trajectories to pulling 20 g's at 20 kilometers. Both z%

the linear Kalman filter/correlation algorithm and the EKF E:

were tested, and both algorithms demonstrated the capability ;

r
s

to track targets with trajectories that maneuvered signifi-

g

cantly throughout the simulation scenario.
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Loving (8) continued the rezearch by adding a filter to

s

the MMAF bank based on an intermediate level of target
dynamics, to aid in tracking highly maneuvering targets. She

developed a Maximum a Posteriori (MAP) algorithm and com- -
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pared it to the Bayesian estimator. The MAP algorithm took

advantage of the existing MMAF structure and generated state

w
_?3 estimates from the one elemental filter with the highest
ié; probability of validity, versus probabilistically weighting
'a all elemental filter estimates. The addition of the third
:E elemental filter to the MMAF bank significantly enhanced the
Eﬁ tracking ability of highly maneuvering targets. Both the
R MAP and Bayesian techniques displayed favorable tracking
‘EE performance against several target maneuvers.

é Follow-on research by Netzer (14) expanded the results

produced by Loving (8) and employed the linear filter/corre-

a
[

3

lator algorithm developed by Rogers (16) but modified for

o,

‘ f". o ','".". "‘ "
o

harsher target dynamics. He investigated the steady state

bias errors as a result of the algorithm tracking a high-g,

I
LS

constant turn rate maneuvering target. It was determined

R
)

that the predominant cause of the bias was due to mis-

7

matching of the PLIR azimuth-channel dynamics model and FOV
= size when a true target maneuver in the elevation direction
forced the MMAF to select a harsh dynamics model and wide

- field-of-view in order to maintain lock on the target. This

motivated the investigation of a MMAF based on separate

elemental filters that are tuned specifically for harsh

a

. . maneuvers in either the x- or y-channels, which would enable

the tracker to distinguish between x-direction and y-

oot g alaty

direction maneuvers. This technique would provide the capa-

. . bility for the tracker to expand the FOV in the critical
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the correlator tracker and the multiple model adaptive

:c y
M \
» b
: ;
E o direction and maintain lock on a maneuvering target while .'
’.{".'::‘ retaining maximum resolution in the non-critical direction. 1

Most recently, Tobin (19) implemented a constant-turn- ::
; rate dynamics model since the zero-mean, filrst order Gauss- :.-
:l. Markov acceleration processes did not adequately describe :
target dynamics in some cases. Although he demonstrated E?_

that the steady-state standard deviation errors were Z
E typically smaller in the CTR model, the GM MMAF outperformed :';
" the CTR MMAF with respect to the transient characteristics ::
. of target maneuvers. Tobin also included rectangular FOV .E
elemental filters tuned specifically for target maneuvers in '—,’:'

. both the x- and y-directions and ascertained that the
tracker maintained lock on the target at the onset of
Qs.. y-direction maneuvers while retaining maximum resolution in

N the more benign x-direction. ,
’: 1.3 oObjectives :
During the past eight years, substantial developwent :._
:' has been accomplished on a tracker capable of handling :
multiple hot-spot targets in which digital signal processing :«.:
’ techniques have been employed on FLIR sensor information to ::._
identify the underlying target shape. Most recently, ::
: adaptation of the field of view to maintain track on harshly "
‘ maneuvering targets at close ranges has been investigated ,\
~ through multiple model adaptive filtering techniques. Both 'E
> AN
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filter tracker have been assessed with respect to several
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. tracking scenarios. This research is motivated by the fact

s
O
.t
e

fore

RS that a further assessment of the capabilities of these two
designs warrants continued investigation iIn an attempt to

extend their applicability. Therefore, the intent is to

Y YN
Earr e e

continue the research effort in developing a viable tracking

“d

. algorithm by accomplishing the following objectlives.

1.3.1 Bending and Vibration Phenomena. Previous

R research had considered the tracker to be ground-based and
;f the effects of structural bending and vibration were felt to N

% be negligible. This research shall consider the application

> N WY

of the tracker to a space structure and model the effects of

Lt v

bending and vibration. 1It shall analyze the resulting

tracker performance when the filter does not account for

LA AN

‘*'.* these effects through additional states to be estimated.

/S

Implementation of bending/vibration phenomena will only be

v e o
« & 7
»

- incorporated explicitly into the truth model, while filter

[N}

-
Il'.
[

e retuning may be performed to enhance fllter performance

g

without increasing its state dimension.

1.3.2 Implementation at 50 Hz. The current tracking i

e L AAY
N
v

.
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)

simulation is implemented digitally at a 30 Hz rate and the
potential utilization of a 50 Hz tracker implementation is

presently being studied by certain industry sectors for

R R
IR I I I P

space application (5). Therefore, this effort will pursue

A

the implementation of the current simulation software at a

v 50 Hz rate and analyze the potential benefits.

WA

1.3.3 S8cenario Sensitivity Parameters. This research
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shall perform a sensitivity analysis to assess the
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’Eg -2:3 applicabllity of this tracking algorithm to a possible range E
oA of application scenarios. This will encompass developing

': the relationships to vary pixel size, target range, target :
':';.\: type, and noise characteristics. Previous research by both :
'\, Netzer (14) and Tobin (19) had addressed the sensitivity of ¢
13% the filters to range; however, the intent of this objective i
‘Ei is to develop a relationship with the parameters of pixel -
; , size, range, nolse characteristics, and target type and

::& evaluate tracker limits as a function of these variables. a
:3 1.3.4 Target Trajectory Sensitivity. A comparison of ;
U]

the response of the filters to target trajectories other

-] than those for which the filters are tuned is conducted.

:j The five elemental filters in Tobin's multiple model filter :
! P
;g '?. algorithm (19) had experienced favorable results against a :
j% straight and level trajectory, a constant 2-g, 10-g or 20-g k
:? pull-up maneuver with the maneuver initiating in an inertial -
\' x-,y- plane parallel to the FLIR plane, a similar constant-g .
.-‘:. -
:: maneuver but ending in a straight trajectory, and a constant K
‘N -
tﬁ} turn-rate maneuver initiating in an inertial x-,z- plane A
- perpendicular to the FLIR plane. This effort will consider
-ii the implementation of a constant turn-rate maneuver similar
to the constant pull-up maneuver initiating in the x-,y-
.. plane and rotate the trajectory by 45°. This maneuver is X
-, g
- expected to show the effects of tracking a target whose "
La !
Y -
ij initial trajectory is as dynamic in the x-direction as it is “
gt ’
. o N in the y-direction, ratther than singling out one of the B
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5 - directions for initial dynamic behavior. Another trajectory
-f ey modification that will be considered is to represent the
3: target's acceleration at the onset of the turning maneuver "
? as an increasing function of time rather than as a i
A physically unrealistic step input (as had been done in the '
i past). The target acceleration rate will be modeled as
& a ramp function with the maximum attainable acceleration
- occurring after five sample periods.
o 1.3.5 Rotating Rectangqular FOV. An investigation into \
f; the feasibility of implementing a rotating rectangular field :
- of view into the multiple model adaptive filter structure is ;
:£: performed. This field of view is considered to rotate in ;
%; such a way as to align the "elongated" side with the current 3
{3 .6‘ estimate of the target's acceleration. The benefits of :
ii T maintaining lock on a target that can accelerate in f
;E arbitrary directions forms the basis of this evaluation.
<
:J 1.4 Overview
This chapter has presented a synopsis of the effort ;
performed to date in developing a viable trackling algorithm E
. as well as described the intentions of the areas requiring
Z% continued study. Chapter II introduces the filter theory
E% concepts that will be needed to understand the algorithm's
;1 theoretical foundation. Chapter III provides the develop-
: ment of the various truth models and Chapter 1V discusses ?
3{ the aspects of the two possible filter-assumed dynamics
.. . models, a Gauss-Markov acceleration model and a constant :
A 3
o 12 ]
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turn-rate dynamics model, in addition to the measurement

model employed. Chapter V discusses the tracking algorithms

along with discussing the tools used for gathering

statistics and describing field-of-view processing
characteristics. Chapter VI presents the results of the

various analyses conducted, and Chapter VII presents the

P A AR

summary of results and suggests areas for further research.

NSNS

- A
. A

|
)"I&I.'sz "

%
»

a

R Mo

RN
- I
(x‘\“\\\ A

.
R - - B R I e - R AP S N
-\-"-'v'."\-'."s"\'-"x’.-."-_"--'*-" AN e e T T ™ e L W oz




RN VSR A e e e W VT N Y A e - 4 '.',
e
...
20
>
o~
. I1. PFilter Theory o
__.‘J_. :{.A
\:__\_',' ;,.‘\::
The intent of this chapter is to highlight the .
mathematical forms of the Bxtended Kalman Filter (EKF) and ;:'
N
the Multiple Model Adaptive Filter (MMAF). A basic £0%
Bed §-4
understanding and knowledge of linear Kalman filtering %i
s
.
techniques is assumed (9,10). gi,
_\_I'\
ot
2.1 Bxtended Kalman Filter :".L
The extended Kalman filter (EKF), for which a complete ?2;
.:’_-\.-
derlvation appears in (10) and is summarized in (19), is an 3:
S
algorithm that allows the states of a nonlinear stochastic ;t
system model to be estimated. Unlike the linear Kalman EE\
o
filter (LKF), the extended Kalman filter requires the Taylor ;ﬁ:
'\*‘1
iiu seles expansion of nonlinear system dynamics and measurement :*
equations at the desired sample intervals. These Taylor ;ﬂ:
.’\'-
series expansions neglect the effect of second and higher E::
.". A
order terms, which results in the EKF not complying with the :\‘
optimality criteria inherent in the linear Kalman fllter. 53‘
The system state relationship for the EKF takes the form of :i%
L
the following nonlinear stochastic differentlial equation: :?’
x(t) = £lx(t),u(t),t) + G(t) wit) (2-1) s
where: y
x(t) = n-dimensional state vector g?v
-
o
u(t) = r-dimensional control input vector ﬁ
Y
€= time iy
- £(:] = n-dimensional nonlinear system plant dynamics 171
RN "
o vector function )
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G(t) = n x s noise distribution matrix
w(t) = s-vector zero-mean, white Gaussian noise
process of strength Q(t); independent of x(t,)
As compared to the linear Kalman filter, f£(x(t),u(t),t]
replaces [F(t)x(t) + B(t)u(t)), but similar to the LKF is
the assumption that the initial condition is assumed to be a
(Gaussian) random n-vector with mean ;o and covariance P,.

The discrete-time measurements can be represented in the

form of the following nonlinear vector function:

2(tj) = hix(ty),t5) + vity) (2-2)
where:
Z(tj) = m-dimensional measurement vector
hi-] = m x n nonlinear vector function relating
the measurements to the states
v(t;) = m-vector process of discrete-time zero-mean,

white Gaussian noise with covariance R(tj);
independent of both x(ty) and w(t)

The extended Kalman filter measurement update incorporates

the measurements via the following relationships:

K(ty) = Bty IHT(E) {H(E IRt IHT (b)) + R(EIY  (2-3)
x(tyt) = x(t;7) + K(ty)izy - hix(t; ), 51} (2-4)
P(ts?) = B(ty) - K(tIH(EPR(EL) (2-5)
where:
K(ty) = Kalman filter gain at time t;

x(tj) = estimate of x at time t;

P(tj) = n x n state error covariance matrix

15
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(tl-) = jnstant immedliately prior to incorporating
measurements at time t;

(tl*) = instant immediately after incorporating
measurements at time t;
The H(t;) matrix is defined as an m x n matrix of partial
derivatives of h with respect to the first argument,
evaluated along the nominal trajectory (10:41):
hix,t;)

H(ty) = Hix(t; ), tj) = A
ox x=x(ty )

Utilizing the results of the measurement update equa-
tions for x and P as defined in Equations (2-4) and (2-5) as
the initial conditions for the propagation cycle from tj to

tj+1, the following relationships apply:

x(t/t)) = Elx(t/t;),u(t),t] (2-7)
P(t/ty) = B(t)R(t/ty) + R(t/tyIET(L)
+ G(EIQIE)GET(t) (2-8)
wvhere

(t/tj) = estimate at time t given measurements through
time tj

with the initial conditlions:

~

x(ty/ty) = x(t; %) (2-9)
R(tj/ty) = P(tyh) (2-10)

The F(t) matrix is defined as the n x n matrix of partlial
derivatives of £ with respect to its first argument,

evaluated along the nominal trajectory (10:41):

16
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,‘:;'.'-}_ oflx,y,t}

- E(t) = Flx(t/ty),ty) = (2-11)

ox x=x(t/ty)

=

Note that one difference between the linear Kalman filter
and the extended Kalman filter is that the eguations for
propagating and updating the estimation error covariance
matrix are coupled to the state estimate relations. This
relationship precludes the precomputation of the covariance
and gain matrices until the state estimates and measurement

values become known at specified sample times.

2.2 Multiple Model Adaptjve Filter
In any given real world application, one can predict
only to some degree of accuracy all of the possible scena-
a. rios of a deterministic target model, thus allowing the idea
of uncertainties in the model. The Kalman filter's ability
to achieve a high level of performance against a wide
variety of situations would require the matching of the
uncertain parameters of the dynamics model to the dynamics
of the target. However, some of these parameters are
changing in time and the system designer does not always
have a priori knowledge of the values of parameters that
provide optimal performance. One means of overcoming this
limitation is to incorporate Multiple Model Adaptive Filter
(MMAF) techniques as developed by (8,14,18,19,10).

The MMAF structure can best be developed (10:129,136)

- by considering a first-order, linear, stochastic
I
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. X differential equation for a given time-invariant system }
LY :.:_-.:’ -
AN model of the form: “
) . .‘:;
) x(t) = F(a)x(t) + B(a)u(t) + Glalw(t) (2-12) =
N P
L4

;5 and noise corrupted, discrete time measurements as: 7
. Z(ty) = Ha)x(ty) + v(t;) (2-13) =z
"y -
’ where: -
x(t) = n-dimensional system state vector -
P ¥ l\
g u(t) = r-dimensional deterministic control vector i
N N
> g
~ w(it) = s-dimensional discrete-time white Gaussian, ;:
> zZero-mean nolse vector process of strength -
. Q(a) .
- ;:.»
? Z(tj) = m-dimensional measurement vector 5
& ~
¢; vit;j) = m-dimensional discrete-time white >
3 S Gaussian, zero-mean nolse vector process -
- ._f of covariance R(a) -
o

. a = uncertain and/or dynamic parameter vector ;E
: F(a) = n x n system plant matrix 3£
) B(a) = n x r input distribution matrix v
A >4
S
N G(a) = n x s nolse distribution matrix ~3
X -, )
‘R H(a) = m x n vector relating the measurements to Q‘
A the states i
- To represent a target with K significantly different sets of j;
dynamics characteristics, it is necessary to discretize a ;3

. into a set of K finite vector values, a;, a2, ..., ag. The ~
”. MMAF consists of a bank of K independent Kalman filters )
'

- which are processed in parallel, in which each filter is y
tuned for a specific target dynamlcs characterlistic ‘e
. 18 .:;
)
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determined by the appropriate 3,, for k= 1,2, ..., K. At
discrete sample times, the residuals of each elemental
filter are used to calculate the conditional probability
that 3 assumes the value of ax associated with that
particular elemental fllter, conditioned on the observed
measurement history. This conditional probability, called
the hypothesis conditional probability and denoted pk(ty),
identifies the elemental filter with the greatest
probability of best performance at a given time.

The state estimate of the MMAF, ;n-af(t1+), is the
probabilistically weighted average of the elemental bank of
filters (19:14):

- + K - +
Xpmaf(ty ) = kflpk(ti) xx(ty ) (2-14)

%

‘@
..

This form of filter structure, as depicted in Figure 2.1, is
referred to as the Bayesian MMAF (10:132), where the state
estimate consists of weighting all k filters using the

hypothesis conditional probability function:

f (zglax,Zj-1)-Pxlty-1)
z(ti)la,2(tj-3)
pxl(ti) = (2-15)
K f£ (zilaj,Zj-1) pPy(tj-31)
E z(ti)la,2(ty_3)
j=1
wvhere:
£ (2ylax,23-1) exp {-}
z(ty)ia,z(ty3) = (2-16)
(20)™ 2 (k401172
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S Ex (t1)hg 1Ex(ty :

A .

~ Ax = k-th filter's computed residual covariance
i * Hi(t)Bx(ty IHx (tg) + Ry(ty) (2-18) .
~ -
: Exk(ty) = k-th filter's residual :-_
. ~ -
g = [z(ty) - He(t{)xe(ty )] (2-19) ’
. and :
2 @k = parameter value assumed in the k-th filter

Px(ty ) = k-th filter's computed state error covariance

P before incorporating the measurement at time t;. X
> ¢
% Z2(tj_3) = measurement history up to time t;_, f'
. 3
. :;
4 5
s -~
< -
-: -
. . t:
3 e Xy o~

‘O Kalman filter
;. . = based on a, T :_:'

3 : 2

'.: -4 Kalman filter -

~ based on a,

1 )
s t - =2 9

N | i x iy

& Kalman filter —b ]

1 based on a,

by .
2 =
S~y R L, )
YY ]
) Hypothesis e
- conditional probability ol
computation
S Figure 2.1. Bayesian Multiple Model Filtering Algorithm
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~. As is evident from Equation (2-15), the numerator is
h

(s ]

the kt filter's product of the previous hypothesis probabi-

lity and the conditional probability density of the current

h

weasurement gz(tj) provided that the ktP fiiter's assumed

«
LA - 4 f‘A.

parameter value ay and the previous measurement history

& &

2(tj_,) are known. The denominator is the sum of similar

AR
o

products for all K filters in the bank; this implies that

*

the filter out of the K filtera that produces the smallest

e

squared residual relative to the filter-computed residual

covariance best matches the real world situation (10:17).

A

The filter structure of Figure 2.1 conveys that the K
filters in the bank process their estimates and residuals in
parallel. It is important that the residuals from the

... "best-matched" filter be distinguishable from those of the o
mismatched filters. Fallure to obtain such distinction ;j
can cause inappropriate assignment of large probabilities
to filters based on incorrect models, leading to poor
performance. To preclude such possible performance degrada- -
tion, each filter in the bank should be tuned for a unique 5
target trajectory to match its internal dynamics model,
since the filter which represents the closest "match' to the
true target dynamics will produce much smaller residuals
relative to the filter-computed covariance than the .
mismatched filters. 1In addition, to prevent the possibility
of masking the distinction between the residuals of the .

. filters based on different target dynamics models, the addi-

21
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tion of excessive amounts of pseudonoise to compensate for

XA
e model inadequacies should be avoided (10:133;14:18).
The computation of the MMAF conditional covariance
2 matrix takes the following form (19:17):
: . ) )
Pamag(ti’) = kflpk(tl)(gxm*) TN I TE) (2-20)
where:
vty = (61" - xpmagtt; )
: Px(tj) = k-th filter's conditional hypothesis
: probablility
; Ek(ti*) = k-th filter's state error covariance
- matrix after incorporating the measurement
The values of gn'af(tl*) cannot be computed a priorl as can
be accomplished for the the case of a linear Kalman filter
'Q (as, for instance, each elemental filter) because the values
of both pi(ty) and ;n.af(ti*) depend upon the measurements
taken through time t;.
Finally, to prevent a mismatched filter's pyx(t;) value
-§ from converging to zero, an artificial lower bound |is

imposed on each of the filter's hypothesis conditional
probabilities (10:135;14:18). Without the lower bound, once
a conditional probability reaches zero, or essentially
reaches zero, it remains zero (or essentially zero) for all
time, since it is a function of the conditional probability
at the previous time, as seen in EBguation (2-15). This
effectively impedes the contributions of that filter's

estimates for all future times in the MMAF structure and

___________
..................................................

. w_ % =




--------

can degrade the ablility of that fllter to respond to future
changes in the true parameter values. The loss of a filter
due to the oversight of not placing a lower bound on its
probability value could degrade the MMAF performance if the
target dynamics model at a later time matched the model for
which the probability was allowed to reach zero, thus
preventing it being weighted in the filter structure. The
establishment of a lower bound of px(t;)gijn = 0.001 (8:19)

in past efforts is continued in this study.

2.4 Summary

This chapter has presented discussions of both the
extended Kalman filter and the concepts underlying multiple
mode]l adaptive filtering technigues. The intent of this
discussion is to provide a basic understanding of the theory
that motivates both the tracking algorithm and the filter

model In the ensulng chapters.
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ITI. Truth Mode]l Development

3.1 Introductjon

The truth model of any real world filtering and/or
control application is the most complete mathematical
representation available to the system designer. This
truth model becomes the standard with which to evaluate the
overall performance of the filter, which is discussed in the
next chapter. This chapter describes the characteristics of
the truth model as utilized in previous ground-based tracker
studies and most recently in (19). However, the modeling of
hardware bending and vibration effects is included to repre-
sent additional detector perturbations inherent in alirborne
and other moving-base tracking systems.

FPor a given tracking scenario, the physical phenomena
of target dynamics, FLIR system vibrations, and atmospheric
jitter can cause apparent motion between the target and the
tracking sensor, where apparent implies some offset from the
actual position. Therefore, the location of the centroid of
the sensed target image on the FLIR detector plane is a
combination of true target motion, a corruption due to opti-
cal hardware bending and vibration, and atmospheric jitter
caused by infrared wavefront distortion. If x. represents
the a:lmuthal offset distance of the apparent target
centroid from the center of the FLIR plane FOV, then the
apparent location of the centroid as detected by the FLIR

array is as follows:
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X = Xg + X3 + Xp (3-1)
where:
Xt = Xc component due to actual target dynamics

Xa = X component due to atmospheric jitter

Xp xc component due to bending/vibration

and all components are measured in pixels.

Since the PLIR plane is a two-dimensional array, an
equivalent y-direction relationship to Bquation (3-1)
applies. The truth model that describes this simulatio:
corresponds to a two-state position model augmented by both
a six-state atmospheric jitter model and a four-state
bending/vibration model. Subseguent sections will describe
the dynamics models, followed by the measurement model,
target model, and the simulation model which allows computer

simulation of the actual tracking scenario.

3.2 Dynamjcs Model

The twelve-state system dynamics model can be
described by the following linear, stochastic differential
equation:

Xp(t) = Ppxp(t) + Brup(t) + wp(t) (3-2)

where:

Y

Fr = 12 X 12 time-invariant truth mode]l system
plant matrix

. oo
AN
2'a‘a'sg’s a4 o

xp(t) = 12-dimensional truth model state vector
comprised of 2 target position states,
6 atmospheric states, and 4 bending/vibration
states

ataaas
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e Br = 12 X 2 time-invariant truth model input N
‘- distribution matrix ;“
yr(t) = 2-dimensional truth model deterministic t;:
input vector N
S
T
wr(t) = 12-dimensional truth model, zero-mean, ;:,
white Gaussian noise vector process with /a7
autocorrelation function: ga
E{wp(t)wp (t47)) = Qué(T) (3-3) s

The solution to the stochastic differential equation in a

~)

discrete-time sense takes the form (Notice that the "T" ﬁi
7

subscript denoting truth model has been dropped for {jﬁ
)

convenience on the following developments):

;:«
X(tj41) = &x(ty) + Bgua(t;) + wg(ty) (3-4) o
R
N where: o
a ..
x(tj) = 12-dimensional discrete-time state vector R

R
¢ = state transition matrix computed from Pp over ey

the sample period it ;;.

- _ ®

At = ti41 - Yy “n

R

tisl popy
By
Ba - / ®(tjs1,7) BrdT N

ty l:_',-'.-’

wy(tj) = 2-dimensional discrete-time input vector fﬁh

Mg(tj) = 12-dimensional discrete-time, zero-mean ;"

white Gaussian noise process of covariance: DR

ty41 S

Qa4 = ){ ®(tys1,7) Q #T(ty4q,7)AT (3-5) ;’

ty i
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iﬁ f&i Recall that the twelve-state discrete-time truth model
y A
- vector is the result of augmenting a two-state target
’
N
2 dynamics vector, xy(tj), a six-state atmospheric jitter
'l
g;: vector, x,5(t;), and a four-state bending and vibration
',‘ vector, xhp(t;j). The partitioning of the truth model
'55 dynamics system model solution the takes the following form:
R - o _
_ [xe(ty41) [ %c 2x2 | Q2x6 | Q2x4 xelty)
v Xa(tje1)) = | Ogy2 | ®a 6x6 | Q6x4 Xalty)
3 e o
fa
oY | Xp(ti41)] | Qax2 | Q4x6 | ®b ax4| [Xblty)]
¥
o
RN o p— —
) ' o Bat 2x2 O92x1
e
S - - - . - - - -
" + O5x2 | wat(ty) + |waaltylexy (3-6)
S S R (P
" 04x2 | ¥ab(t1)ax1
=7 where:
i
- - Xt = 2-dimensional target dynamics state vector
- X3 = 6-dimensjional atmospheric jitter state vector
x Xp = 4-dimensjional bending/vibration state vector
Uge(ty) = 2-dimensional discrete-time deterministic
input vector
¥aal(ty) = 6-dimensional discrete-time white Gaussian
noise related to atmospheric states
. . W4dp(ti) = 4-dimensional discrete-time white Gaussian
i. 't;- noise related to bending/vibration states
:.:f
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Realizing that the block diagonal form of the state transi-
tion matrix allows independent evaluation of each particular
model, the following subsections develop the propagation
relationships for the target, atmospheric jitter, and the
bending/vibration models which are ultimately incorporated
into Bquation (3-6) for the entire system propagation
relationship.

3.2.1 Target States. The truth model for target
dynamics takes the form of a contlinuous-time deterministic
model representative of the entire range of target
trajectories, from highly maneuvering to very benign. Since
a FLIR sensor is of primary interest in tracking the target,
the elevation, a«(t), and azimuth, 8(t), angles with respect
to the center of the FOV on the two-dimensional FLIR image
plane become the measurement parameters by which true target
location is determined. The target states, therefore, are
propagated forward in time with respect to the flat surface
approximation a-8 plane, where the surface is actually part
of a huge sphere.

The a-8 plane, as described by (7:36; 18:1I-16; 19:26)
consists of an array of IR sensing pixels and is perpendicu-
lar to the sensor-to-target line-of-sight vector. 1If the
target is far from the FLIR sensor, the FLIR azimuth and
elevation angles become proportional to the linear transla-
tional coordinates x¢ and y¢ of the target. Figure 3.1

depicts the relationship between the FLIR angles and the
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target centroid. 1If a and B are measured in micro-radians

l. .
AN A

and x¢ and y¢ are measured in pixels, then the proportiona-

v oy VT,

lity constant (kp) is the angular FOV of a single pixel

e

which has been 20 micro-radians/pixel in previous efforts

R
elele

and developed by Harnly and Jensen (4:33). ¥
If ; and ; are considered constant over the filter's

sample period t seconds in length, then the change in the

target position from one sample period to the next can be

described in discrete form by:

o al .
(t ) 0 1. | ye(ty) 0 kpat| {8(ty)
v Ye(tiel | g LYc i P i

N xeltyay) rl 0—‘3 xe(ty) kpit 0 a(ty)
‘ + (3-7)




A AT AT R T T Y

where:
;(tl) = da/dt, measured in micro-radians/second
;(tl) = da/dt, measured in micro-radians/second
kp = 0.05 pixels/micro-radian

At = ty, - 4

Bquation (3-7) represents the discrete form solution of
the stochastic differential equation for the truth model
target states, and thus describes the upper partition of the
truth model identified in Section 3.2. This type of model
is chosen to fit the state space model form similar to the
reat of the dynamics, and it also allows for easy addition
of stochastic driving terms, if desired.

3.2.2 Atwmospheric gtates. The atmospheric effects as

developed by Mercier (12:73,79) for both the x- and y-

directions of the FLIR can be modeled as the ouput of third

order shaping filters driven by white Gaussian noise and
represented by the transfer function:
----- i (3-8)
wa(s) (stwy) (s+wy)
where:
X3 = atmospheric state shaping filter output
wa = zZero-mean, unit strength, white Gaussian noise
K3 = atmospheric RM8S adjustable gain
W] = break frequency, 14.14 rad./sec.

w2 = double-pole break frequency, 659.5 rad./sec.
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Phase front distortion of the IR radiation waves due to
atmospheric disturbances causes translational shifts on the
FLIR image plane, called "jitter". This atmospheric jitter
perturbation is devoid of directional dependencies;
therefore, the modeling of the FLIR plane effects in both
the x- and y- directions can be treated separately and iden-
tically, and then augmented together to form the atmospheric
system description. The effects can be described by the

stochastic differential equation:

Xa(t) = Faxa(t) + wy(t) (3-9)

where:
X3(t) = six-dimensional atmospheric state vector
Fa = atmospheric time-invariant plant matrix
wa(t) = six-dimensional, zero-mean, white Gaussian
noise process of strength Q,
When the state vector and the plant matrix are
expressed in Jordan canonical form (12:212), the Q4 matrix

appears as (19:31):

[ )
Q1 Q192 Q103 0 0 0

010, 02 0,03 0 0 0

Q103 QA3 Q3 Y 0 0
Qa = 2 (3‘10)
0 0 0 Q1 Q102 Q303

0 0 0 Q10> Q2 Q203




Q) = (Rw?)/(w-wy)?
Q = -0y

Q3 = (KWywy?)/(wy-wy)

The truth model's center partition in Equation (3-6)
is formed by representing Equation (3-9) in discrete form.
The statistics of the discrete-time noise covariance can be

described by the following integral:

t
Q4a = /ga(r)qagaT(r)dT (3-11)
0

where:

Q3da = 6 X 6 atmospheric discrete-time noise
covariance matrix

$53(7) = 6 X 6 atmospheric state transition matrix
associated with F; of Eq. (3-9)
and the 6 X 6 atmospheric state transition matrix forms the
center partition of the 12 X 12 truth wmodel state transition
matrix. The atmospheric state transition matrix has been

developed and can be shown to be of the form (19:32):

w At ]
e 0 0 0 0 0
-whAt -urat
) Ate 0 0 0
-wp At
0 e 0 0 0
e,(4At) = -t At (3-12)
0 0 0 e 0 0
-wyAt ~wrn At
0 0 0 0 e Ate
~wn At
L 0 0 0 0 0 e
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3.2.3 Mechanical 8tates. The modeling of the
mechanical bending/vibration effects is based on a report
by R & D Associates (15) that was prepared for AFVWL
concerning dynamic modelling for space based structures.
Figure 3.2 depicts the response spectrum for the x-direction
line-of-sight for a particular satellite structure and the
approximated curve to implement a reduced-order model that
is representative of this type of response. The effects due
to the bending and vibration of the mechanical structure of
the optical egquipment are developed in Appendix A. Since
the effects are similar in both the x- and y-directions of
the FLIR, both directions can be modeled identically by
means of a second order shaping filter driven by white

Gaussian noise and represented by the transfer function:

Xp(s) wanz
= (3-13)

w,(s) sl 4 2 wns + wn2

mechanical state shaping filter output

zero-mean, unit strength, white Gaussian noise
with an autocorrelation:

Blwp(t)wph(t-T)] = Qp 6(t-T); Qp = 1 (3-14)

gain adjusted to obtain the desired root mean
square (RMS) bending/vibration output

damping coefficient, =.15

natural mechanical frequency, = w rad./sec.

A closer approximation to the low freguency spectra of
Figure 3.2 can be obtained by representing each direction as

a sixth order system versus a second order; however, twelve
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_:, states versus four for the two axes was deemed as beyond the ]
point of diminishing returns for a first-cut analysis, and A
the modeling of the fundamental frequency effect of bending
was determined to be sufficient enough to describe the
effect. The wmodeling of the effects in both the x- and y- -
X :
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directions can be treated independently and augmented
together to form the mechanical system description. These
effects can be described by the stochastic differential
egquation of the following form:

ib(t) = Fhxp(t) + Gpwh(t) (3-14)

where:

n

four-dimensional mechanical state vector

Xp(t)

time invariant mechanical plant matrix

two-dimensional, zero-mean, white Gaussian
noise process of strength Q, = 1

w,(t)

Gb = 4 X 2 noise distribution matrix

As developed in Appendix A, the Q, matrix is shown as:

Qb = (3"15)

The truth model's lower partition in Equation (3-6) is
formed by representing Equation (3-14) in discrete form.
The value of the discrete-time mechanical noise covariance

can be described by the following integral (9:171):

At
T, T
Qba = /ﬁgb(r)gbnbgb &) (T)aT (3-16)
0
where:

Qbd = 4 X 4 discrete-time mechanical noise covariance
matrix

® = 4 X 4 mechanical vibration state transition

matrix associated with Pp of Bq. (3-14)
At = sample period, tj,; - tj
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and the 4 X 4 mechanical vibration state transition matrix

forms the lower partition of the 12 X 12 truth model state

transition matrix. The mechanical state transition matrix z
as developed in Appendix A results in a 4 X 4 block dlagonal :&
>
o
matrix of two identical 2 X 2 blocks with the following form: e

— -

*b1 %p2 O 0

*b3 %pbg O o
& = (3-17) ‘
0 0 ¥p1 %2 -»

0 0 ® ®
b3 bd_

$p1 = exp(-opdt)icos(wpit) + (op/wp)sin(wpit))

#y2 = expl(-opAt) [ (l/wp)sinwpit)} :5

$b3 = exp(-opdt) (~(1 + (ap/wp) 2Isin(Wpit)}

... ®he = expl-opdt)lcoa(wpit) - (op/wplsin(wpit)])

Op = real part to the characteristic equation of
Equation (3-13)

Wh

i

imaginary part to the characteristic egquation of
EBquation (3-13) .

3.3 NMeasurement Model

The measurements accessible to the tracking algorithm

- represent the average intensity of target and background

radiation incident on the FLIR array of detector elements.

The measured IR image, or intensity function, consists of a

collection of information from the target IR radiation,

background noises, and FLIR sensor noises. Previous ;f

research (18:11-20) has determined that single target

hotspot patterns could be modeled as a bivarliate Gausslian
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:-: »3ﬁ} function with constant-intensity contours when describing

distant targets. This bivariate Gaussian intensity function

> -
:; can be described by .
“~
% |
\I
2. (Ban) Tl(x-Xpeak) (Y-Ypeak) )™} (3-18)
:f vhere:
o,
o~
. Ipax = maximum intensity of the hotspot
rl (Xpeak - Ypeak ) = coordinates of the centroid of the
:4 apparent target intensity profile on the
\f image plane, measured in pixels
N2
-JA
V. X,y = spatial coordinates calculated relative to
® the center of the tracker FOV.
'iﬁ Pag = 2 x22 matrix whose eigenvalues (orv2 and ;
i Ony ) define the dispersion of the 4
- egliptical constant intensity contours in .
Wy the a-8 frame. The eigenvectors of Pupg
] . define the principal axes of the bivariate
o distribution.
Zf Although single hotspot IR sources can be represented
fi by bivariate Gaussian distributions, targets with multiple
’:; hotspots cannot. Piqure 3.3 shows the FLIR plane intensity
fi profile for a three hotspot target (14:35). The centroid of
-:J:'
- the apparent target intensity profile cannot be represented
i: as a Gaussian distribution even though the individual
b '-‘
A I“
-3- hotspots are modeled as Gaussian with elliptical constant-
" intensity contours. PFurthermore, the intensity measurement
< provided by each pixel corresponds to the average intensity
_3 on that pixel resulting from the effects of the target :
N Intensity function, the spatially correlated background v
\j ﬁ&y noise, and the PLIR sensor noise. :
:f. - :-
\4‘
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for a Three Hotspot Target

P

The measured output for the pixel in the j-th row and k-th

column at sample time t; is described by (13:33,34):

SThAYNY
b

et

M

zyp(ty) = C {ll/Apl Il(x'Ypreakn(tl)'ypeakm(tl)] dx dy}
m=1
pixel 3jk

+ nyglty) + bjk(tl)

z4(ty) output of pixel 3k
Ap area of one pixel
M total number of hotspots
intensity function due ty m-th hotspot

coordinates of a point within pixel ik

e A ) L N g
ARSI OEN LSS A AN
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)
\-'
N
> o (Xpeakm’Ypeakm) = coordinates of maximum intensity point
A .$? of m-th hotspot
X n
) nyx(tj) = effect of sensor errors on pixel jk .
) .
T byx(t;) = effect of background noise on pixel 3k :
< K
A Temporally and spatially uncorrelated thermal noise and
dark current in the IR sensitive pixels comprise the sensor ¥
error, nyx(tj) (19:35); whereas the background noise,
bjx(tj), can be represented as a spatially correlated noise.
v: This spatially correlated noise is modeled as an exponen-
al
[~
A tially decaying correlation pattern with radial symmetry and
AR
-,
;t characterized by a correlation distance of approximately two
:;ﬁ pixels (4:37,40). This is simulated by maintaining non-zero
jﬁ correlation coefficients between pixels separated from each
N :
f? A other by two pixels or less in all directions (19:35). B
8 A
e 3.4 Target Model y

A three hotspot planform, with a coordinate frame that
Is discussed in Section 3.5.1, is depicted in Figure 3.4¢.
It is considered to represent the target of interest for
i? this analysis. The target's angle of attack and sideslip

angle are assumed to be zero in order to maintain the align-

YA

ment of the seml-major axes of each of the three elliptical
IR constant-intensity contours with the target's velocity
vector. This enables a simplistic simulation of the space

geometry without substantlally degrading tracker performance

analysis (19:38).
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;:
e, = unit vector in velocity ;:
direction ;f
)
-l"_’_
“
‘-I'_-
N
o)
o
D%
( (E) epy = unit vector )
perpendicular -
to velocity e
vector o
Mass Centroid 2;
C '
X
e
Displacements of Hotspots From the Mass Centroid Along ﬁ
ey, Spvr and egoy Directions e
Ry
Hotspot ey, (met) epv (met) eppv (met) )
1 1.0 0.0 0.0 o
2 0.0 0.5 0.0 oS
3 0.0 -0.5 0.0 .
)
3
S
Figure 3.4. Target Hotspot Distribution Qf
=
3.4.1 Tarqget Trajectories. The target trajectories ;\
avaialble in this study include the four trajectories used ;
by Tobin (19:38,41), and two additional target scenarios as ﬁ;
shown in Figure 3.5. Bach is described as follows: f,
Trajectory Qne. This trajectory is a constant

velocity, straight and level flight with a simulation time fﬁj

- e
of five seconds. The inertial velocity remains in a plane .'i
parallel to the ey-e; plane. Note that it is not constant

velocity when projected onto the FLIR image plane because 4

the tracker is a rotating frame.
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a2

o

2

!

RE o Trajectory Two. This trajectory involves a constant
NN 10-g or 20-g pull-up maneuver that is represented by a step
fi change in the acceleration at t=2.0 seconds and lasts for
léz the remainder of the 5 second simulation. The target's turn
:: is portrayed by a constant-magnitude angular rate vector
:3 oriented parallel to the negative e; axis.
;Eé Trajectory Three. This trajectory is similar to
‘Tf Trajectory Two with the exception that at t=3.5 seconds, the
,’: constant-g pull-up maneuver abruptly terminates and the
f%i pitch rate is set to zero for the remainder of the 6.67
34 second simulation. This longer simulation interval allows
:E the tracker time to settle down and corresponds to 200
és sample periods of duration.

N

o
.

Trajectory Four. This trajectory is similar to

e
o

Trajectory Two with the exception that the angular rate

s,
e
.

vector is parallel to the ey axis, which simulates the

o target turning towards the tracker.

S

- Trajectory Fjve. This is a Trajectory Two rotated at

p

0
»
.

an angle of 45° with respect to the FLIR plane. The intent

afe e
N .
»

2

-
jt? of this scenario is to evaluate how well the tracking
:ﬁ: algorithm performs against a maneuvering target for which
%é the tracking algorithm ia not tuned (the appropriate

:i direction of elongated fields-of-view, to be discussed in

Ei Section 5.4, would be neither the x- nor the y- direction in
.;% the FLIR image plane).

s

~ Trajectory 8ix. This trajectory is identical to

Trajectory Two with the exception that the acceleration to

% “
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start the pull-up maneuver is allowed to develop as a

r
positively increasing ramp rather than as a step change. 3~
A
Previous studies had modeled the accelerated turns with a oa
Y
atep change in acceleration, a rather harsh maneuver for the j{
P
tracking algorithm to maintain lock and rather unrealistic %
"
for physical targets to perform. 3}
5
* M-‘
3.5 Simulation Space Model ;"
o3

The simulation space model allows the simulation of the

FLIR tracker operation on a digital computer. This wmodel

allows for the realistic target trajectory propagation in

three dimensional space and provides a mathematical means of

describing the target's image and velocity vector with

respect to the FLIR image plane (19:36). Both the FLIR

plane velocity projection and the FLIR plane target image ;ﬁi
projection are discussed following the description of the E&i
various coordinate frames. i&i
3.5.1 Coordinate Frames. The coordinate frames used EZE
for the FLIR tracker digital simulation include the target %&
frame, the inertial frame, the a - 8 - r frame and the a« - 8 fl:
(FLIR image) frame. The origin of each frame and the a;
orientation of the reference axes are as follows: h'-.i
Target Frame: :N
Origin: target center of mass fii
Axes: e, - along velocity vector iii
epv - out right side of target, :iQ

perpendicular to e, ’

PRI
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.
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7
. eppv - vector completing right hand 2
gft coordinate set, perpendicular to oy
Salr both e, and e .Y
ev €pv ;
Inertial Frame: :E
Y
Origin: 1location of FLIR sensor :;
.\'d‘
Axes: @, - due north, tangent to earth's i
surface, defines zero azimuth g
ey - inertial 'up' with respect to e
a flat earth approximation ﬁ:
Y
ez - vector completing right hapd T
coordinate set, defines 90 [?
azimuth NG
~
Note: Azimuth (a) is measured eastward from E:
ey:. Elevation (8) is measured from 4
the plane defined by ey and ej. P
'
@ - 8 - ¢ Frame o~
Origin: target center of mass ii
>
SN
s Axes: e; - coincident with the true SN
‘9 sensor-to-target LOS vector ’
eq-eg - define a plane perpendicular .

o a0
-..‘.'{‘.

to e, rotated from the S
inertial ey and e, by the 5
azimuth and elevazlon angles B

a - 8 (FLIR Image) Plane:

The FLIR image plane by which the sensor :
measurements are taken comprise this plane. Ny
The azimuth and elevation angles can be

considered the linear translational coordinates L
x and y. Observing the FLIR plane along the e
LOS vector, x is chosen to be positive to the NS
right and y is positive down. This choice of >
coordinates maintains a right-handed coordinate 7

set with the target's range measured positive
away from the sensor.

Both the inertial and a-8 frames are depicted in Figure 3.1,

~

whereas the target frame is illustrated in Figure 3.3. N
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3.5.2 PLIR Plane Velocity Projection. The target
inertial velocities are transformed into the deterministic
azimuth velocity, ;(t), and elevation velocity, ;(t), in the
truth model differential equation, Equation (3-2), by
projecting the inertial velocities onto the FLIR image plane
based on the geometry of Flgure 3.6 which was utilized by
Loving (8:27,29). From Figure 3.6(b), a can be derived by

the relationship:

1

a(t) = tan = (z(t)/x(t)) (3-20)

and 8(t) can be derived from Figqure 3.6(c) by:

B(t) = tan } [y(t)/rp(t)) (3-21)

where:

rp(t) = horizontal range; = (x2 + 22)1/2

However, the variables of interest for velocity projections
are a(t) and B(t). Therefore, taking the time derivative of

Equations (3-20) and (3-21) ylelds:

x(t)vgz(t) - zZ(t)vyl(t)

alt) = (3-22)

x2(t) + 22 (t)
and

Lh(tivy(t) - y(E)rp(t)

8(t) = (3-23)

()
where:

Vs Vy, Vz = target velocity components in the inertial
ey, 8y, and e, directions, respectively
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L3 J'
- ..‘ . m }1
e * z
. x(t)vye(t) + z(t)vg(t) i
‘ rh(t) = (3-24) B
v rhit) o
L2 R
- <
)
b Equations (3-22) and (3-23) define the deterministic input ~
S vector in the truth model difference equation, shown in -
o - .
j Bquation (3-6), where ug¢(ty) = (c(ti),n(ti)lT-
= 3.5.3 PFLIR Plane Tarqet Image Projection. The
A projection of the target's hotspots onto the FLIR image S
L) ™
~ o d
'} plane corresponds to the the detection of the target by the "ol
~ )
- array of pixels. Although the hotspots are assumed to lie if
@
N in the plane formed by the wings of the target, the V.4
'~ .
_ Y
N orientation and location of the hotspots on the FLIR image :j
i o
< S
A . plane changes as the target rotates and translates with E:
o
- ‘"' respect to the IR sensor. Figure 3.7 illustrates the 5
. o
. geometry of the target with inertial velocity vector assumed i-
L %"
: Ry
e L
k.. € -
- =
o .
. v -
;f Target
lr
o e,
: -
-'. "'f
) .
. ~
" Sensor
: 4"::'\\ :.-
~ 'i@' Figure 3.7. Target Image Projection Geometry .-
"
k- ;
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Q? )f: to project through the nose of the target, the «-8 plane
> e
n perpendicular to the true LO8 from the tracker to the
\1'
;g target, and the origin of the a-8 plane coinciding with the
*-.. -
- detected target center of mass. The image of the target as .
-
" perceived by the IR sensor changes as the target changes
N angular orientation relative to the tracker or moves farther K
:i: away from or closer to the FLIR. The current image size of p
the target with respect to the largest planform image, or
dﬁ reference image, is given by the following (12:11-24):
3
N '
‘}2 and
\., oy = (1o/T1{0pye + (Fyg - Opyg)Co8s] (3-26) p
\'J'. )
xjé, where: :
":J‘I
a2 Ovo: Opvo = target hotspot dispersions along ey, and epy ]
e in the target frame of the reference image N
,z Oy, Opv * target image's current dispersions
:i X, = sensox-to-target range of reference image
:Z: r = current sensor-to-target range
) v = target inertial velocity vector :
4 J
‘{f v = magnitude of ¥
N Vi, los ®= component of ¥y perpendicular to the LOS
. vector (projected onto the a-8 plane)
'ﬁ; Vilos = magnitude of v jos *= (c2 + 841/ .
N = angle between v and the a-8 plane .
' AR = aspect ratio of reference image, ovo/apvo
o T
s
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Since the ultimate goal is to define the target image in

terms of the FLIR plane coordinates, a transformation from
the target frame coordinates to the a-8 coordinates can be

expressed as:

x1 cos® -siné X
Xag = = =T x (3-27)
YJaB siné cos® Y| target frame

where:

6 = angle between eyq and Vv,jos (see Figure 3.7)

The dispersion matrix can be determined from the following:

Pag = T B TT (3-28)

where the dispersion matrix is utilized in the measurement

model in EBquation (3-18).

3.6 Summary
This chapter has introduced several models which depict

the real world target tracking environment. The processes
that have been modeled include: target dynamics,
atmospheric jitter, mechanical bending/vibration, and
background and FLIR noise. Deterministic target
trajectories were described to provide the baseline for
testing the tracker against realistic tracking scenarios.
Pinally, a simulation space was presented in order to allow
the simulation of the tracking scenario on a digital

computer.
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. IV. Filter Models oA
o X
4.1 Intr tion {
This chapter describes the filter models employed in ‘3ﬂ
the MMAP structure discussed in Chapter II. Section 4¢.2 if
discusses the reduced-order dynamics models: the Gauss- %
Markov acceleration model and the constant turn-rate E?
dynamics model, and Section 4.3 discusses the enhanced- ;5:
correlator/linear-measurement wmodel. '
4.2 Dynamics Models
Two distinct dynamics models are presented for the R
3 purpose of comparative analyses in the MMAF. Both models ;i
represent a reduced-order, eight-state vector to estimate 3_
i‘i the target's position, velocity, and acceleration, and the :“
N atmospheric jitter in two orthogonal directions (x,y) on the i:
FLIR image plane. The filter state vector for each of the :;:
two models is represented as: r“
r F -
X1 Xt L
X2 Yt ;-
X3 Vx :::::
:-f
X4 Vy -f
= (4-1) o
XS ax ..
X6 ay -
X7 Xa .
L *8 J L Ya i '
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e
N
n:'.‘u
‘hj . where:
N
. N X¢,Yt = target position, x- and y-direction
o Vx,Vy = target velocity, x- and y-direction
l‘:'n
ﬁ: ay,ay = target acceleration, x- and y-direction
W~
he X3,Ya = atmospheric jitter, x- and y-direction
‘o
o
i: Note that the atmospheric jitter is represented by two
..{'\

filter states rather than six and that the filter neglects

.
L l"

the modelling of the bending/vibration states as presented

ﬁl

’X

in the truth model of Chapter III. The fllter's atmospheric

jitter model captures the primary characteristics of the

e

Jitter's power spectral density while at the same time

o
.

.l ‘l..

PR
.

LA A

neglecting the high frequency effects. The omission of

DN

2
.l

modeling the bending/vibration states within the filters is

be presented as part of the analysis on filter performance

T

O
‘:i in Chapter VI,
‘:i Although the state vectors that describe the two
il dynamics models to be investigated are the same, the
&i description of the target's acceleration process is uniguely
jz defined for each model. The linear filter of Section 4.2.1
~
.. models the target's inertial acceleration as a zero-mean,
L
T:T first order Gauss-Markov process, while the nonlinear filter
“~
:j of Section 4.2.2 models the target's trajectory as described
N
" by a series of concatenated constant turn-rate segments.
N .
J -
;j} 4.2.1 Gauss-Markov Acceleration Model. This dynamics .
:; model, a standard alrborne target model not originating in {
these references, assumes that the target's inertial 3
g
K
5 > ]
-~ 3
) A
T . :
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5
Y
o AL acceleration can be described as the output of a first-order
RN
W lag driven by white, Gaussian noise. Developed by Millner
} (13:50,51) and Kozemchak (7:75,80) for the FLIR tracker, it
§ is well described by the time invariant, linear stochastic
&Y
- differential equation:
y Xg(t) = Pexg(t) + Gewg(t) (4-2)
where:
Xg(t) = 8-dimensional filter state vector
'ﬂ wg(t) = 4-dimensional, zero-mean, white Gaussian vector
“ noise process of strength Qf.
N
7 ©o o 1 o 0 o 0 0
"c
- 0 0 0 1 0 0 0 0
. o o o o0 o0 1 o o0 o
v
- 0 0 0 0 0 1 0 0
L Fg = (4-3)
. 1] 0 0 0 -1/74 O 0 0
. 0 0 0 0 0 -l/7y O 0
Al
N 0 0 0 0 0 0 -1/74 O
0 0 0 0 0 0 0 -1/74
. 20y /7y 0 0
0 20,2/ 7y 0 0
Q¢ = 2 (4-4)
0 0 2037/ 73 0
0 0 0 20,%/7a
L
" oS
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A

\ EZ::
. v
0
"
" _,:.
X - < A
Fo 0 0 0 N
~"
)
0 0 0 0 "
"
o
0 0 0 0 oS
-~
0 0 0 0 N
A
0 0 0 0 ;g
Gg = (4-5) I
1 0 0 0 N
0 1 0 0 e
v
0 0 1 0 -
¢
Y
0 o o 1 oy
- - I
vhere: ::“
Tx»Ty = correlation time for the x- and y- target =3
acceleration processes e
e
Ty = correlation time for atmospheric jitter processes fﬁ
)
oxz,oyz = varlance and mean-sguared value for the ~&
x- and y- target acceleration e
oaz = variance and mean-squared value for the f
atmospheric jitter 5
The filter state estimate and error covariance matrix ;j
are propagated forward in a discrete-time sense by the }'
n
following set of equations (9:171,172): .i:
4
~ _ ~ ' _'.b:
Xel(tie1 ) = €p( t)xg(ty ) (4-6) R
'
Pe(tiser ) = Ss(AIRs(t; )0, T(AL) + Qg4 (4-7) o3
where: ;?
~ o™
xg(tj) = fllter's estimate of the state vector ;
Pg(ty) = fillter's error covariance matrix A:
X
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N
N N (t; ) = instant before the measurement is incorporated
o at time t;
N (t1+) = instant after the measurement is incorporated
N at time t;
S
T ®(At) = time invarjant state transition matrix
2 associated with F¢ for propagation over the
sample period t:
’ At = t".l - tl
tisa
. T T
o Qfq = e£(t341,7)GFQEGE #f (ty4y,7) AT
o t
® The ®¢(At) and Q¢q matrices have been determined to be of
‘.
:: the following form (14:47,48):
7
[} b [— -
Ao 1 0 At 0 ¢35 O 0 0
2 0 1 0 At 0 #6 O 0
: 0 0 1 0 e35 0 0 O
. 0 0 0 1 0 w46 O 0
o ®s(At) = (4-8)
v 0 0 0 0 g5 O 0 0
: 0 0 0 0 0 eg 0O O
0 0 1] 0 0 0 ®77 O
LO 0 0 0 0 0 0 gy
-
where:
®15 = TlAt - Te(l - exp{-At/Ty})]}
%26 = TylAt - Ty(l - exp{-4t/Ty}))
- ®35 = Tll - exp{-At/Ty})
3-:1 54
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%
i %46 " 7}(1 - exp{—At/Tyll ;:
"f:“ -
$55 = exp{-At/ Ty} ;
%66 = exp{-At/ Ty} 2
k'S
$97 = egg = expl-At/ T} ¢
.f.
and >
b,
Q11 1} Q33 0 Q:1s 0 0 1] ,_'_:-.
0 Q2 0 Q4 O Q¢ O 0 o
»
Q13 1] Q33 1] Q3s 0 (] 0 a
~
0 Q24 0 Q4¢ O Q¢ O 0 N
Qfa = (4-9) ::g.
05 0 035 0 055 0 0 O Qo
¢ 0 06 O Q46 O Qg O 0 '
0 0 0 0 0 0 Q77 c
0 0 0 0 0 0 0 Qgg ot
: L ) ’
@ )
' where: A
_'J‘
__ 2 3 2 3 A
011 = 0,°0(2/3) Teat™ - 20 Tydt1 - 4T (At)expl-At/ Ty) -
+ 2734t - T expi-24t/m) + TN '
S
" A
2 2 2 3 o
Q13 = 0y {TxAt™ + 27,7 (At)expl-At/Tyx] + Ty 2

- 2Tx3exp[-At/‘rx] - 2Tx2At + ‘rx3exp[-2At/‘rxl}

Q15 = 0,2 0-2T(At)expl-At/Ty] + T2 - Ty expl-24t/Tyl}

Q22 = qyz{(2/3)TyAt3 - 2[TyAt12 - 4Ty3(At)exp[-At/TYl

+ 21y3At - Ty‘exp[—2At/Tyl + Ty‘}

024 = oyliTyat?) + 27,2 (Atrexpl-at/my) + 7’

3

- - 27y%expl-at/Tyl - 27y%at + T lexpl-24t/Tyl) '
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Q26 = oy (-27y(At)exp(-At/Tyl + T2 - 7, 2exp(-24t/Tyl}

Q33 = ox2{2 x(4t) - 37*2 + 47*2exp[-At/Tx] —7*2exp(-24t/7*ll

Q35 = GxZ{T* =~ 27yexpl-At/ Tyl + Tyexpl-2At/Ty})

2
Qqq = oy (27yAt - 3Ty2 + 4Ty20xp[—At/Ty) - Tyzexp(-ZAt/Tyl}

Q6 = oyz{fy ~ 2Tyexp(-At/Tyl + 7yexp[-24t/ryl}
2

Qg5 = 0y {1 - expl-2At/Tyl}
2

Qee = Oy {1 - expi-24t/7y1}
2

Q77 = 053°{1 - expl(-24t/ 751}

Qgs = Q77

The Multiple Model Adaptive Filter estimates are formed
via a probabilistically weighted averaging technique.
Following each propagation cycle, the elemental filter
estimates, xj(tjsy ) = xg(tis1 ) and ;2(t1*1—) - ;t(t,,l‘)
form the MMAF estimates, ;1(t1+1';n.af and ;z(ti.l')..af.
Analogously, the estimates ;m-af(ti+) could also be used.
These estimates can be considered as the control signals
that, if driven to zero over the next sample period, would
drive the FLIR optical centerline at the target.

4.2.2 Constant Turn-Rate Dynamjcs Model. The constant
turn-rate dynamics model is an alternative to the linear,

filrst-order Gauss Markov acceleration process, and it is

described by a series of concatenated constant turn-rate
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segments (19:55,58). Since this model results in a

nonlinear dynamics model, the extended Kalman filter

propogation equations described in Chapter II are utilized.

The constant turn-rate target acceleration process s

modelled by the following first-order, nonlinear, stochastic

differential equation:

a(t) = -wfv(t) + w(t) (4-10)

W = angular velocity of the constant turn

vit) X a(t)
tv(t)i

alt)

2-dimensional target acceleration vector;
coordinatized in tlhie FLIR image plane

<.
'@ vit)

2-dimensional target velocity vector;
coordinatized in the FLIR image plane

wit)

2-dimensional zero-mean, white Gaussian
vector noise process

This model results in a nonlinear system state eqguation

of the forwm of EBquation (2-1) when utilizing the state -

variables defined in Equation (4-1). The components of

fix(t),t] are ildentical to those of Equation (4-3) with

exception to the fg and fg components. These two components

are functions of the nonlinear vector function defined in

Equations (4-10) and (4-11). The noise distribution matrix,

G¢, is ldentical to Equation (4-4) and the noise strength

matrix, Q¢, can be determined via an jterative tuning

process depending on the simulation scenario parameters.
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ST .

::.: .:-;:; The state estimate and error covariance matrix are

{ .

-t propagated between sample periods by employing the extended

'\._

N Kalman filter eguations defined in Section 2.1. The

N

:C-j sensitivity matrix, F, of Bquation (2-11) is described by

3 \-

- the partial differential matrix equation:

o 0 0 1 0 0 0 0 0

."' 0 0 0 1 0 0 0 0

" g
- 0o o © 1 o o0 o
.r"_.

S of 0 0 0 0 0 1 0 0

.f" E = = (4"12)
e . Ox 0 0 Fs3 Fsq Fss Fsg 0 0

N

oy

‘,’E‘ 0 0 Fg3 Fgq Fgs Fgg O 0 ‘
"u Py
o 0 0 0 0 0 0 -1/75 O©

[ od P (]
X_ e 0 0 0 0 0 0 0 -1/7,

o = -

. where:

.:::- A QX32A

. Fg3 = — [-3x3xg + X4xg5 ¢ ]

.' 2 B

~ B

.'_.4‘

o A 4x3X4A

-."':: Fgqg = — (2x3x5 +
o B’

:::: 2X 3X 4A

Y Fes =

- B2

.' -ZX32A

) Fse¢ =
- p2 :
Lo
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(X32 + X‘Z)

Measurement Model

The measurement model employed corresponds to the form
of a correlation algorithm developed by Rogers (16:53,63)
which provides measurements to a linear Kalman filter
measurement model. This algorithm is enhanced over the
standard correlation algorithm by the following (19:58,59):

1. The current PLIR data frame is correlated with an
estimate of the target's intensity function, an
adaptively constructed template, as opposed to the
previous frame.

2. Rather than simply outputting the peak of the
correlation function, the enhanced correlation
algorithm outputs the center of mass of that portion of
the correlation function which is greater than some
predetermined lower bound, or threshhold. This
technique prevents the difficulty of having to
distinguish global peaks from local peaks, as do the
peak-finding algorithms of many conventional

correlator algorithms. It is also computationally

less burdensome than a peak-finding method.
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-

N
Al
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,i . 3. The FLIR/laser pointing commands are generated
o f;? according to the Kalman filter's propagated state

estimate rather than to the output of a standard
correlation algorithm, thereby incorporating knowledge
of dynamics over the ensuing sample period.

The resultant outputs, or "pseudo-measurements”, of the

;‘;';';';'f".'

enhanced corellation algorithm are the linear offsets, x.
and y., of the centroid with respect to the center of the

field-of-view, which are subsequently incorporated into the

N linear Kalman filter update cycle. A description of this
i;i algorithm is presented in the next two sections and a more
ES% complete description is discussed in (16:52,70).

:: 4.3.1 Generating the Template. A template of an esti-
,E; mate of the target's intensity profile is created over the

E; ‘ previous "N" centered target intensity functions (the
,} i shifting property of Fourier transforms is the mechanism
5% which centers the intensity functions on the FLIR plane
iﬁj before averaging). The memory slize, "N", over which the
\_ intensity functions are averaged is dependent on how the
ES shape functions are varying in time. Highly dynamic inten-
;3; sity functions demand small "N" values while slowly varying
o intensity functions admit large "N" values.

}é‘ 8ince a viable software algorithm concern for any
i; application is the minimization of memory requirements, the

:;4 finite memory averaging is approximated through the use of an
%; exponential smoothing technique. The exponential smoothing
§; technique resembles the properties of a finite wmemory
« o fllter (10:33,39); however, it requires the storage in
SN
N
2 0
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memory of only one FLIR data frame and not "N" frames

explicitly. The template for the exponential smoothing

technique is maintained by:

i(t1) = yI(ty) + (1 - 1)£(t1_1) (4-13)
where:
i(tl) = template-generated "smoothed"” estimate of the
target's intensity function
I(tj) = current FLIR data frame's "raw" intensity

function

¥ = smoothing constant; 0 < ¥ <1

The smoothing constant, ¥, in the exponential smoothing
algorithm functions as does "N" in the finite memory filter.
Large values of ¥ emphasize the current data frame as would
a corresponding small "N" value. A swmoothing constant of

¥ = 0.1 had previously been determined to suffice for this
application (18:V-12).

Figure 4.1 shows a block diagram of the template
generation arrangement enclosed within the dashed line. The
raw PLIR data array is transformed into the Fourier domain
through the use of a Fast Fourier Transform (FFT)
implemented using the Cooley-Tukey FFT technigque (7:18).

The data array is then centered on the FLIR plane by phase
shifting it an amount equal to the displacement (in the
original untransformed spatial coordinates) of the target
and atmospheric position states from the centexr of the FLIR

POV by the following shifted amount:
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o FPigure 4.1. Bnhanced Correlator/Linear Measurement Model .
2
- + + "
Xghift{ti) = x1(t; Immaf + X7(t§ )mmaf (4-14) y
. + + >
n Yshigt(ti) = x2(t) Jmmaf + Xg(ty dmmaf (4-15) .‘
- The shifting property of Fourler tranaforms, which states -
- that a translational shift in the spatial domain corresponds 5

to a linear phase shift in the frequency domain enables the

shift to take place in the frequency domain, or:

F{g(xX-Xghift.Y-Yshift)} =

Clfx, fylexpl{-I2n(fy-Xghift + fy-Yshift)) (4-16)




» :'\ ]
. ',"_;
- where: ]
a -"‘-' '.-::

N, iy

s 7 g(x,y) = 2-dimensional spatial data array o
4 F{.} = Pourler transform operator ;:
Glfy,fy) = Fla(x,y)) ;:l'

"\
iy

] After centering the data array by the phase shifting Eﬂ

technique, the data is subjected to the exponential {:

smoothing algorithm of EBquation (4-13). The "smoothed" data Eﬁ

is then stored in the form of a template and correlated with {,

u ':"‘
the subsequent FLIR data frame which creates the "pseudo- H:

.

measurements", R,

e 4.3.2 '"Pseudgo-Measurements" by Enhanced Correlatjon. fn
The enhanced correlation algorithm creates the "“pseudo- ;%
measurements”™ in the form of position offsets in two ik

r 3 o’
i" orthogonal directions. These offsets represent the distance i_
\‘-

between the center of the FLIR FOV and the centroid of the E:

Lo

IR image. The current FLIR data frame is correlated in the :j

.

Fourier domain with the template generated from the previous t,-

sample time, thus resulting in a cross correlation. This ;E

cross correlation is performed by computing the Inverse Fast 5

Fourier Transform (IFFT) of the following: 'M

x o

Fla(x,y)*1l(x,y)} = G(fy, Ey)L (fx,fy) (4-17) Qx

where: |7
d(x,y)*l(x,y) = cross correlation of g(x,y) and l(x,y)  3

<
g(x,y) = measured target intensity function, R
current FLIR data frame jq
l(x,y) = expected target intensity function, '
generated in the form of a template _.4
K

Tl
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Glfx, fy) = Fla(x,y)}

Lf(fx,fy) = complex conjugate of F{l(x,y)}

After performing the IFFT, a threshholding is performed
on the correlation function, g(x,y)*l(x,y), that effectively
zeros out any value that is less than 30% of the function's
maximum value (14:52,55). The resultant function corres-
ponds to the relative displacement, or offset, of the
center-of-intensity between the current FLIR data frame and
the template. These offsets are due to the effects of
target dynamics, atmospheric jitter, and measurement noise
(bending effects are ignored in the filters, however, the
variances of the wmeasurement noises can be increased during

filter tuning to account for this), or:

Xoffset = X¢ t Xz + Ny (4-18)

Yoffset = Yt + Ya t Ny (4-19)

Equations (4-18) and (4-19) can be represented in state

space form by:

z(ty) = Hexg(ty) + vel(ty) (4-20)

where:

z(ty) = (xXoffset YoffsetlT, measured in pixels

xg(tyg) filter state vector of Equation (4-1)

He = (4-21)
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l.\i
N . vg(ty) = 2-dimensional, discrete-time, zero-mean, white
LN W, v
SN Gaussian measurement corruption noise measured
2 T in pixels, of covariance R
| ::\‘
NN The measurement noise, vg(tj), encompasses the
‘-\ .
\ﬂ spatially correlated background noise, the FLIR sensor .
~ .
: error, errors due to ignoring the vibration/bending effects,
-~
s and errors due to the FFT/IFFT processes. The covariance
- .
‘ﬁj matrix associated with this error (except for the impact of .
.’J the ignored bending effects) has been determined empirically ’
J‘\»
N to be (16:63,68): 3
7l
o .
n\ -
v, 0.00436 0
?‘ R = (4-22)
< 0 0.00598
-'\-
3
e 4.4 Summary
“ AN .-
_[ e This chapter has formulated the filter and measurement :
;;; models for the MMAF's elemental filters. One filter model 3
;j; represents the target's acceleration as a first order Gauss-
) { Markov process, while the other filter model treats the
target's trajectory as a serles of constant turn-rate
segments. Both dynamics models utllize a common linear
measurement model that generates "psuedo-measurements" via a
- cross-correlation technique between a template generated
from the previous data frame and the current data frame. An
> advantage to the linear measurement model is the ability to
¥
55 employ the linear Kalman filter update eguations (9:117,118)
.& rather than algorithms which are more computationally

burdensome.
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b - V. Tracking Algorithm

5.1 t u n

This chapter embodies the concepts presented in the
preceding three chapters and describes the tracking algor-
ithm employed in this research endeavor. Following the

discussion on the overall tracking algorithm, the mechanisms

exercised in evaluating the algorithm are also discussed.

5.2 Overvijew of the Tracking Alqorithm
A Bayesian Multiple Model Adaptive Filter including a

bank of five independently operating Kalman filters provides

the basis for the tracking algorithm. The processed fields-

of-view for each fllter, along with the assumed target's
i‘b dynamics in the FLIR plane directions, appear in Table 5.1.

Note that filters #1, #2, and #3 are represented by square

fields-of-view, whereas filters #4 and #5 are rectangular

fleld-of-view fllters.

Table 5.1

MMAF Elemental Filters

Assumed Assumed
Filter § FOV xel x-dynamics y-dynamjics
1 8 X 8 benign benign
2 24 X 24 20 g 20 g
3 8 X 8 10 g 10 g
4 24 X 8 20 g benign
5 8 X 24 benign 20 g
66
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5.2.1 Gauss-Markov Model Tracker. The five elemental
filters in the Gauss-Markov MMAF (GM MMAF) are based upon
the Gauss-Markov acceleration model of Section 4.2.1. Bach
filter was tuned with the appropriate direction-dependent
acceleration variance, 02, and time constant, 7, (14:68).
These parameters are shown in Table 5.2 for each of the five
filters. WNotice that the parameters pertaining to x- and y-
directions for filters #1, #2, and #3 are the same, whereas
they differ for filters #4 and #5 due to the rectangular
geometry of the FOV of these filters. Filters #4 and #5 are
constructed with a larger field-of-view size in the direction

in which harsh maneuvars are expected. The filter driving

Table 5.2

Gauss-Markov Filter Parameter Values

Filter # Tx ox2 Ty oyz Ta oaz At
1 4.0 250 4.0 250 .0707 .2 1/30
2 1.5 10000 1.5 10000 " " "
3 1.5 2000 1.5 2000 » " "
4 1.5 10000 4.0 250 » " "
5 4.0 250 1.5 10000 " " "
Units: Txe Tyr Tas At : seconds §
cxz, ayz : plxelsz/seconds‘ <
aaz : plxe152 :
:
3
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noise strength, "Q%", is not shown but can easily be computed

from the following relationship:

Qi; = 20%/7 (5-1)
wvhere:

02 = the filter's assumed variance for that target
acceleration process or jitter position process

T= correlation time of target acceleration or of
Jitter

The parameters shown in Table 5.2 for filters #2 and #3
were determined by tuning a single, large FOV and small FOV
Kalman fllter, respectively. Using a trajectory #2 target
maneuver (reference Section 3.4.1), filter #2 was tuned to
20-g dynamics and fllter #3 was tuned to 10-g dynamics.
Parameter values for filters #4 and #5 are chosen such that
the highly-varying dynamics coincide with the appropriate
channel direction of the rectangular POV. The jinking
maneuvers correspond to the elongated direction of the FOV
and the short end of the FOV is characterized by the benign
dynamics of filter #1. Also note that the sample period,
At, for past research efforts has been 30 Hz. 8ection 6.3
addresses the potential for implementing the tracking
algorithm at a 50 Hz rate.

5.2.2 cConstant Turn-Rate Model Tracker. The MMAF

structure of the constant turn-rate (CTR) model tracker is
of the same configuration as shown in Table 5.1. The key
difference between the CTR and GM model trackers is the

strength of the driving white noise terms, "Q", as shown in
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b -j:} Table 5.3 for the CTR tracker (the computational burden of N
SR >
i the CTR model is unnecessary for the benign dynamics of _
) .'J‘
5 filter #1). Notice that the "Q" values do not correspond to ::-'E
. N
the relation described in Equation (5-1). Previous research \,
h
. has shown that a CTR filter is considered to be adequately -
s tuned to a trajectory #2 maneuver when the peak mean-error ‘.'-j‘-
)
S is approximately 1.5 times the filter computed error ,
standard deviation or root-mean-squared (RMS) value at a -
. ™3
: given time, rather than when the filter's computed RMS ':::
: o
»
errors match the actual RMS errors committed throughout the "'?.
-
e simulation, as evaluated over a 10-run Monte Carlo s
. u, ;
simulation (10:69,71). The consequence of this relationship ::'.
. ¥'.-
- is that the CTR flilter overestimates its own errors more t’
X i‘ than does the GM filter.
- S
o Table 5.3 v
p. CTR Filter Parameter Values j::.
Filter # Oy Qy oo
g 2 15000 15000
: 3 4000 4000 Lz
g 4 15000 125 “
-
- 5 125 15000 i
" Units: pixelszlsecondss e
S oG
W :\:- :\.:
: . :::.
~
,
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s 5.3 Fleld-of-View Processing ‘
jﬁ \24 The fields-of-view for all the filters are represented

f:? as 8 X 8 data arrays in order to exploit the single generic

;g correlation algorithm. This is accomplished by redefining i
;ﬁy the pixel size in filters #2, #4, and #5 for correlation

:3: processing (filters #1 and #3 already are parameterized in

ig an 8 X 8 array). Fllter #2's FOV is represented as an 8 X 8 ;
1?f data array by partitioning the 24 X 24 array into an 8 X 8 &
o array of 3 X 3 elements, where each 3 X 3 element consists ]
‘Eg of an average of the nine "small" (20 micro-radians on a :
.:'.':"- side) elements from the larger FOV. This essentially :

simulates a data array of a "large" (60 micro-radian) pixel

l“kl
"".\
PAEGEUECERRR

array. The redefined pixel for filter #4 is averaged over a

LI

W "”:\;.’n‘
®

4 e
.

2. 3 X 1 array of “small" pixels due to the rectangular

geometry and measures 60 micro-radlans x 20 micro-radians.

fg: By similar argument, filter $5's redefined pixel measures 20
EE micro-radians x 60 micro-radians. The FOVs and unit pixel

ﬁf sizes (shaded regions) for correlation processing are shown
.i& in Figures 5.1 and 5.2.

'r\
s 5.4 Filter Parameters
;Qﬁ At initlalization of the tracking simulation, accurate
Q.Nu -
'?S a priorl knowledge of velocity is assumed and position is ‘
- acquired by an algorithm developed by Tobin (19:130,139). X
ji The position states, x; and x3, are initialized by
iﬁi positioning the target's center of mass in the center of the
. . FLIR FOV. The velocity states, x3 and x4, are initialized

iyt
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Figure 5.2. Rectangular Fields-of-View, Filters #4 and #5
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:5 ;?{3 dependent upon the trajectory selection and the acceleration

N

states, x5 and xg, are initialized by computing the delta

\ﬁ velocities at time t, and time t; and dividing by the sample

-

; period. The atmospheric jitter states, x7 and xg, are

¥

initially zero. The error covariance matrix, B(t,), is

Eﬁ initially reflected as:

10 0 0 0 0 0 0 o |
infiiag

:j 0 10 0 0 0 0 0 0

l'(

;-j o 0 2000 O 0 0 0 0
® © o o0 200 0 0 0 0 |
" P(ty) = (5-2) .
- 1] 0 0 0 100 0 0 0 3
'

2 ©o o o o o 100 0 O :
P, .\ .,
.,Z i 0 0 0 0 0 0 0.2 o0

o o o o o0 o o 9 o. 3
T L Z.J

e
Ol
;{1 The conditional probabllities, p;, P2, P3, P4, and psg,

Cﬁ are initialized to 0.96, 0.01, 0.01, 0.01, and 0.01 for
'fi filters #1 thru #5, respectively. The initial "heavy"

M weighting of the conditional probabllity on filter Bl is due

X to the "best-matching” characteristics of filter #1's benign -
:ﬁ dynamics to the target's straight and level trajectory for

- time less than two seconds. In actual practice, initial
-33 acquisition can be presumed to occur on a benign target. X
-'\- ~
;ﬁ In the event of loss of track due to gross errors in

Py

e

-

any of the filter's target position estimates, the tracking

algorithm executes a reacquisition routine. This routine
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> e resets the state vector and covariance matrix of the
RO y
divergent filter as a linear combination of the state
L)
S
':: vectors and covariance matrices of the nondivergent filters.
7
\
:: The conditional probabilities of the nondivergent filters
L
) are then scaled to sum up to one prior to evaluating the
-('.‘
ﬁ: state vector and error covarlance matrix of the divergent
h J;\
L filters by
&
x: A~ N -~
o X3 = E PpXn (5-3)
‘i n=1
7
?2 N - A - ~
® Bg = T pnplBp + (Xn - xg)(xn - xg) '} (5-4)
~ n=
- N
S where: N
:’: -
L Xd,Pg = state vector and error covariance matrix of
1 hd each divergent filter
-~ - :
AN Xn,Pn = state vector and error covariance matrix of
‘A each nondivergent filter
) "
Cd

number of nondivergent filters

4

Pn = hypothesis conditional probability of the n-th
nondivergent filter. The p, values are scaled
such that: pj + pp + ... ¢+ py = 1.0

Pt i e s

. .
o S «te
L L L A
LT LA RS A

5.5 Tracking Algorithm Statistics

A Monte Carlo simulation provides the mechanism for

evaluating the tracking algorithms' performance. Based upon

o o &

the conclusions of previous research efforts that the sample

.‘::. j
2? statistics of ten Monte Carlo simulation runs provides .
o - p
;} sufficient convergence to the actual statistics from an ﬂ
.o infinite number of runs (19:80), the statistics from ten

RO

"
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A e Monte Carlo runs will act as the basis upon which tracker
AN -

; . performance is evaluated.

v The sample mean errors of the tracking algorithm's &
._f: o
j estimates are computed by : by
L -
: — N
- Exg(tj) = 1/N £ eygp(ty) .
>, n=1 .
\-' -
| \.‘ -
o N ~ o
-> = 1/6 € [xgp(ti) - xgpg(ty)] (5-5) “
. n=1 A
", where:

._(_ .
% Exq(tj) = sample mean error of the x target position

T estimate at time t;, averaged over N runs <
e exdn{ti) = error in the MMAF x-position estimate at t;
~@ during simulation n
v, ~
o Xgng(tj) = MMAF estimate of target's x-position at t;

S during simulation n

» .

J ‘? Xdn(tj) = truth model value of the x-position of the -
- target at t; during simulation n -
-, N = number of Monte Carlo runs E
» N
:* The sample variance of the error, defined in terms of the
Ei same parameters as the sample mean errors, is described by:

: 2 N 2 —2
Oxd (ty) = (1/(N-1)] € exyan (ty) - (N/(N-1)IEyxyg (tg) (5-6)
n=1

g Two error parameters are of particular concern when :3
al evaluating the tracking algorithm. The first is the error -
:2 committed in estimating the target's position in both the x- %
4 -
:: and y- PLIR plane directions. This parameter serves as the e
o
~ fundamental evaluation mechanism for tracker performance. M
; ii%l The second parameter is the estimation error committed in ?
Q .
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locating the target's centroid of the FLIR plane.

the target's centroid location is paramount for centering it

on the FLIR plane for the template generation, this error ij
"
A
parameter supplies information with respect to the filters' o
oo
ability to reconstruct the target's shape function and L3
.::I\
centroid location. E:;
o
~
5.6 Performance Plots o
L
Eight performance plots are utilized in this research :§?
effort to evaluate filter performance. The performance x&
2
plots for both the x- and y-direction in the FLIR plane are 3
®
as follows : gy
-
l. True x-position RMS error vs. filter-computed :3:
x-position RMS error ;:
‘o

2. True y-position RMS error vs. filter-computed ! .

y-position RMS error

3. Mean x-target position error, + one standard

deviation, plotted at tj- for all i

4. Mean y-target position error, + one standard

deviation, plotted at t;- for all {

5. Mean x-target position error, t+ one standard

deviation, plotted at ti+ for all i

6. Mean y-target position error, + one standard ®

deviation, plotted at t;+ for all i

7. Mean x-centroid error, + one standard deviation,

plotted at t;+ for all i

8. Mean y-centroid error, + one standard deviation,

plotted at t + for all i

Performance plots #1 and #2 provide information with

respect to the tuning process, plots #3 thru #6 provide
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,ﬁi . tracking performance evaluation, and plots #7 and #8 provide

zs G?F Iinformation regarding the effectiveness of the target

i:: intensity template identification. K
'E; Illustrations of plots #2, #4, #6, and #8 are shown in :
,\ﬁ Pigures 5.3 thru 5.6, respectively, for the Gauss-Markov |
;j MMAF algorithm tracking a 10-g, trajectory #2 target

3} maneuver (note that the expected level of bending is

included in the truth model but not in the filter model).

YOS

2 Bach of these plots portrays the evidence of the target K
N .
. maneuver at t = 2.0 seconds. K
7 :
:“ Each performance plot is labelled with a plot '
‘53 designation code that identifies the specific simulation -
{.-‘ Fa'
~ scenario for which the data is referrenced. This code is in
‘.
‘o -;~ the following format:
}:, field 1/field 2/field 3/field 4/field 5/fleld 6
=
o where fields §5 and #6 are optional, and the fields contain
;Q the following information:
o
o field 1 : GM : Gauss-Markov filter model
, CTR : constant turn-rate filter model .
" _
A -
N fleid 2 : MMAF : multiple model adaptive filter g
o :
& 8NG-8 : single filter with small (8x8) FOV,
;? used to establish the benchmark
o~ field 3 : T(#) : identifies type trajectory (#1, #2,
i:ﬁ $3, 84, #5, or #6)
k- field 4 : (#)-G : identifies the magnitude (in g's)
~ of the target maneuver
AR,
T 76
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fleld 5 : (Optional)

identifies the assumed filter
correlation time pairs when unlike
the nominal (4,1.5)

T = Tl T2

50 Hz : identifies a simulation with the
50 Hz sample time incorporated

QB(#) : identifies the level of bending
phenomena included in the truth
model

identifies when the initial
z-coordinate is different from the
nominal (20,000 meters)

field 6 : KP = : ldentifies the different pixel
proportionality constant size from
nominal (20 urad)
R(+) : ldentifies when the measurement
variance, R, is different from that
identified in Equation (4-22)
For example, the plot designation codes appearing in

Figures 5.3 thru 5.6 reflect:

GM/MMAF/T2/10-G/QB1

This designation implies that the simulation involved the
Gauss-Markov MMAF tracking model with the expected level of
bending included, agalnst a trajectory #2 target maneuver

with the target pulling a 10-g turn.

5.7 re les
Greyscales are symbols used to characterize -
ranges on FLIR plane images and tr: filter 'eom . -

symbols are shown in Table 5.4. The j:e .
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which is a pictorial view of greyscale symbols, illustrates
the adaptive identification of the target's intensity shape
function in the form of a template on a 24-by-24 grid of
pixels. The example shown in Figure 5.7 is the result of a
comparison between a template and a noise-corrupted FLIR
measurement array. The spread, or arrangement of the
greyscale symbols indicate the dispersion of the hotspot
about its centroid and also the location of this intensity

peak relative to the center of the FLIR FOV,

123456789012345678901234
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Pigure 5.7. Noise Corrupted FLIR Measurewent Array
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{Rﬁ\ Table 5.4

Greyscale Symbol Key

Symbol Intensjty Units

(blank) 0 <I < 14
- 14 < I < 28
+ 28 < I < 42
LY 42 < I < 56
$ 56 < I < 70
e 70 < I € 84
L 84 < I

5.8 Summary
i“ This chapter has blended the ideas and concepts

discussed In the previous three chapters into a viable
multi-filter tracking algorithm. As a basis of comparison,
two distinct tracker models have been proposed - a Gauss-
Markov acceleration model tracker and a constant turn-rate
mode]l tracker, both of which utilize the same FOV processing
algorithms. These algorithms, although normally implemented
optically, represent the FLIR-generated information in the
form of digitally generated intensities that can be por-
trayed via greyscale diagrams, which serve as the templates
as discussed in S8ection 4.3.1. Finally, the tracker statis-
tics, through which the evaluations in Chapter VI will be

analyzed, were presented.
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VI. Performance Analysis

6.1 ]Introduction

This chapter presents the results of the various
analyses for those topics outlined in Section 1.3. The
evaluation of the benefits of simulating the tracking
algorithms at a 50 Hz rate versus a 30 Hz rate are discussed
in Section 6.2. After the effects of the bending/vibration
states are analyzed utilizing a single filter for both the
Gauss-Markov model tracker and the constant turn-rate model
tracker in Section 6.3, the next section then analyzes the
effects of bending/vibration effects with the Gauss-Markov
multiple model adaptive filter algorithm. A sensitivity
study of various parameters for which the filters are not
retuned (other than just altering that specific parameter In
the filter) is presented in Section 6.5, and a sensitvity
analysis of two additional target trajectories is presented

in Section 6.6.

6.2 50 Hz Implementation Analysis

As suggested in Section 1.3.2, the performance gains
attributable to a 50 Hz implementation are investigated.
This assessment is performed by first establishing a bench-
mark of performance for both the Gauss-Markov and constant
turn-rate tracker models simulated at the presently-
configured sample rate of 30 Hz. After the benchmark has
been established, the appropriate software changes are

implemented to accommodate the faster sampling frequency,
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and an identical simulation scenario as conducted with the

benchmark runs is performed, indicating the improvement or
degradation as a result of sampling at a higher frequency.

As mentioned in Section 1.3, Tobin's results (13) form
the basis of the tracking performance benchmark for the
analyses to be presented in this chapterx. This benchmark is
defined as the performance of a single filter which is
artificially "told”* about certain dynamic parameters at the
onset of a maneuver. The filter employed for the benchmark
simulations is a small FOV (8 x 8) filter for a trajectory
2, 10-g maneuver. The changing parameter for this case is
the strength of the filter driving noise, "Q", which is
increased prior to the onset of a maneuver so that the
filter-computed RMS error reaches a steady-state value by
the time the maneuver occurs, thus allowing the filter
bandwidth to open by the time the maneuver i{s initiated.
These simulations are conducted for both the Gauss-Markov
tracker and the constant turn-rate tracker models.

6.2.1 Gauss-Markov Model. The performance plots for
the benchmark run and for the case of the 50 Hz simulation
are shown in Figures C-1 through C-8, and C-9 through C-16,
respectively. Notlce that each set of performance plots, as
is true of all subsequent simulations, is composed of eight
different types of plots. The first two, as in Figures C-1
and C-2, show the fllter-computed estimation error standarad

deviation compared to the actual RMS error (in pixels) for
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both the x- and y-directions, respectively. These two plots
indicate the tuning adequacy of the filter(s) by showing a
comparison between the actual and the filter-computed RMS
values. Plots three and four, as in Figures C-3 and C-4,
identify the actual estimation mean error : one standard
deviation at time = t; for the x- and y-directions,
respectively. These parameters are used as a basis for
control generation. Plots five and six, as in Figures C-5
and C-6, ldentify the same information as plots three and
four, but at time = ti*. These parameters provide the best
possible filter(as) estimation accuracy. The initiation of
the target maneuver at two seconds into the simulation is
evident in Figures C-4 and C-6. Plots seven and eight, as
shown in Figures C-7 and C-8, show the actual centroid

position estimation error mean : one standard deviation at

time = ti* for the x- and y-directions, respectively.

These parameters provide information regarding the adequacy
of image centering to aid in the construction of the target
image template.

In both the 30 Hz and the 50 Hz case, the dynamics
driving noise strength,"Q", is increased at frame #55 for
the 30 Hz simulation and at frame #195 for the 50 Hz
simulation, allowing for a five-frame transient prior to
target maneuver initiation. Tables 6.1 and 6.2 show the
temporally averaged fllter error statistics (mean and
standard deviation, or "sigma"), the filter's peak-mean y-

position estimate errors and the recovery time for both




Y

%

g,

-

\ ig? cases (x-position ls Just as important; however, the maneu- gi'
vers evaluated here exhibit harshly changing y-direction iN;
characteristics). The two time-averaged intervals, 0.5 to E:'

i 2.0 and 3.5 to 5.0 seconds, are chosen to allow a 0.5 second 5\
minimum for transients to die out. These intervals are :;

selected to show comparable statistical data during the ﬁ:
: benign region and during the maneuver. The peak-mean error 5:
is defined as the greatest mean-error occurring during a {1

given simulation and the recovery time is defined as the ”E

time it takes for the filter to recover, or reach steady E;

state, from the maneuver. Both of these parameters are t£

precise only to the degree that the values are discernible EE

; from the plots (Figures C-4, C-6, C-12, and C-14), and are ;:

Jx

considered accurate to within five percent. In these and

a 2

subsequent tables, the heading designations correspond to

the convention established in Section 5.6.

U R R
S Te e e

In comparing the temporally averaged mean and one sigma 2

values for the two tracking simulations, Tables 6.1 and 6.2, g?‘

- reveals a slight improvement in the mean error associated E:
with estimating the position and an improvement in the true [;

standard deviation about that mean errozr, which iIs expected EE

since the algorithm samples the data at a faster rate and %f

thus allows less time for error growth. This improvement in %}

error standard deviation about the mean can be seen in ;?

Figures C-3 through C-6 and C-11 through C-14 by comparing g?:

‘ . the relative displacement of the one sigma curves relative ;h
’ 3
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Table 6.1

Single Filter Benchmark;
GM/SNG-8/T2/10-G

Temporally Averaged Time Interval
Error Parameter
(mean / 1 sigma) (0.5 , 2.0) (3.5, 5.01
;,zt(ti’) -.1623 / .4089 .2073 / .4912
;,,,(ti') .0136 / .4241 -.2588 / .4941
xere (t1h) -.1044 / .3765 .1479 / .4290
;e,,(tl*) .0031 / .3876 -.0998 / .4240
;-centezt(t1+) .0068 / .1226 .0007 / .1546
;-centert(t1+) -.0083 / .0706 .0577 / .0714
y peak-mean error (ty ) = -2.0 pixels
Y peak-mean error (t1+) = -1.4 pixels
recovery time = .7 seconds

Table 6.2

Single Filter Simulation;
GM/8SNG-8/T2/10-G//50 Hz

Temporally Averaged Time Interval

Error Parameter

(wean / 1 sigma) (0.5 , 2.0) (3.5, 5.0}

;,,,(tl’) -.0385 / .3779 .1110 / .4557

;bzr(ti—) .0125 / .3787 ~.2352 / .4397

xere(tyh) -.0041 / .3568 .0776 / .4172

;etr(t1+) .0096 / .3522 -.1486 7/ .3973

;-centetr(tl*) .0400 / .0889 .0504 / .0911

;-centert(tl*) .0169 / .0795 .0719 / .0815 z_
Y peak-mean error (tj; ) = -2.0 pixels E:
Y peak-mean error (t1+) = -1.3 pixels :E

recovery time = .6 seconds E‘
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to the mean curve in the two sets of plots (also note the
difference in scales between the two sets of plots).

6.2.2 Constant Turn-Rate Model. The performance plots
for the two simulations, the benchmark run at 30 Hz and the
50 Hz run, are shown in Figures C-17 through C-24 and C-25
through C-32, respectively. Notice that the filter tuning
for the CTR model is much more conservative than is the case
with the GM model. Since the filters with the CTR dynamics
model exhibit a longer filter-computed covariance matrix
transient than do the GM filters, "Q" was increased at frame
#35 (frame #175 in the 50 Hz case) to allow the transient to
reach steady state and the filter bandwidth to open
appropriately prior to the maneuver initiation. Tables 6.3
and 6.4 show the statistical data for the two simulations,
which show results that are comparable to those of the
Gauss-Markov tracker. In comparing the filter estimated
error curves for both the simulations, Figures C-25 and C-26
reveal that the relative displacement of the fllters!'
estimated errors between time t; and t;' is larger than
what is observed in the 30 Hz case of Flgures C-17 and C-18.
This occurs due to changing the continuous-time dynamics
noise strength, "Q", for the simulations to allow the
discrete-time noise covariance, "Q4q", to remain the same.
The "Q" relationship is described by the following approxi-

mation ilnherent to the CTR model:

Qg = 04t (6-1)
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Table 6.3

Single Filter Benchmark;
CTR/SNG-8/T2/10-G

Temporally Averaged Time Interval
EBrror Parameter

(mean / 1 sigma) (0.5 , 2.0} (3.5 , 5.01}
Xerr(ty ) .4106 / .3905 .2343 / .3881
Yerr(ty ) -.0223 / .3822 .3372 / .4232

Xerr (ti’) .3406 / .3715 .1872 / .3588

x-centerr (ty ') .0009 / .1145 -.0203

-~

/
/
/
Yerr (ti¥) -.0242 / .3570 .2987 / .3829
x / .1163
/

y-centetz(tl*) -.0156 .0708 .1347 .0764
Y peak-mean error (tiQ) -6.0 pixels

Y peak-mean error (t1+) -4.0 pixels

recovery time 1.3 seconds

Table 6.4

Single Filter Simulation;
CTR/8NG-8/T2/10~-G//50 Hz

Temporally Averaged Time Interval
Error Parameter
(mean / 1 sigma) [0.5 , 2.0) (3.5 5.0)

-~

Xerr(ty ) .5956 / .3160 .1049 / .3985

Yerr(ti ) .0164 / .3069 .3702 / .3618

"\

.3058 .0744 .3805

NN

yw
o« w

Xerr (ty') .5461

s sTw
\. *'l ‘\-..' .\‘

x-centerp(ty ') .0084

-~

.0826 ~.0402 .0919

/
/
/

Yerr (ti ') .0149 / .2943 .3389 / .3435
x /
/

y-centerp(t; ') .0232 / 0771 .1962 / .0799

T
' _'l'_".' l'-."j‘l.. a

Yy peak-mean error (ty ) = -6.0 pixels
Y peak-mean error (t1+) = -5.0 plixels

recovery time = 1.2 seconds




This relationship effectively decreases the discrete-time

noise strength as the sample frequency is increased,

e

provided the continuous-time noise strength is unchanged.

XAy

Although conceptually it makes sense to keep "Q" constant

rather than "Qq", "Q" was increased to maintain the

f"j

equivalent discrete-time filter driving noise for this simu-

lation (to maintain a direct comparison between the two

£25

algorithms at the different sampling frequency), thus reali-

zing a higher slope between t; and t1+ for the filter-

2l SIS,

computed estimation errors. Since processing at a 50 Hz

:':

greatly increases (73% increase) computer processing time,

the benefit of decreasing the uncertainty of the position

Ll A

estimate on the order of a tenth of a pixel, as compared to

"\-
“
ool

the 30 Hz verslion, is not warranted. Therefore, in an
effort to conserve computer processing time, subsequent

simulations are processed with a sample period of 30 Hz.

6.3 8Single Filter Bending/Vibration Analysis

This section addresses the impact of including the
bending/vibration states of a large space structure into the
tracking algorithm's truth model without modifying the
tracker's filter model. Thus, this is a robustness study of

the original filter design. The two benchmark scenarios,

P

processed at 30 Hz, discussed in Section 6.2, form the

N

baseline of comparison for both the Gauss-Markov tracking

TN
PR L R

model and the constant turn-rate tracking model.
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6.3.1. Gauss-Markov Model Tracker. The performance
plots for the case of including the bending/vibration states
are shown in Figures D-1 through D-8,. Notice from Figures
Cc-1, C-2, D-1, and D-2, that the filter estimates for the
simulation with the bending/vibration states included and
without additional tuning underestimate the actual error.
Although the true RMS value of x- and y-position has
increased with the inclusion of vibration and bending, the
filter-computed error does not appear to change. This
implies that the filter is more confident of its outputs
than it should be. Although the filter can be improved by
retuning, the robustness of the original filter is the prime
concern under consideration. 1In comparing the time-averaged
statistics of Tables 6.1 and 6.5, it is evident that,
although the mean error between the two cases does not seem
to vary much, the one sigma values about the mean have
increased by approximately 2/10 to 3/10 pixels with the
inclusion of the bending/vibration. This relationship can
also be seen in Figures C-3 through C-6 and Figures D-3
through D-6. This increase in the uncertainty with respect
to the position variables is due partly to the filter not
estimating the bending states and partly to the enhanced
correlation algorithm not considering the effects of bending
when establishing the offsets from the center of the field-
of-view In constructing the image. Recall the measurement

egquations for the two directions:

fOL Oy Y,
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7
where these measurements represent the location of the ﬁ?
'.r_:
{ target centroid as indicated by the correlator. However, :5
"J‘
the filter is not provided any information with respect to :ﬂ‘
>
\_,‘
the two bending states, xp and yp, nor is it tuned with ::‘
.‘I,‘
additional measurement uncertainty noilse associated with v; ;J'
and v,. No appreciable change in estimating the location of F;
2

the centroid appears between the two simulations. 3:
S

.—

L
Table 6.5 ;Tt
S
Single Filter With Bending/Vibration; o
ii‘ GM/SNG-8/T2/10-G/QB1 ;"
Temporally Averaged Time Interval e
Error Parameter e
(mean / 1 sigma) (0.5 , 2.0} (3.5, 5.0} s
~ \.'1,
Xerp (ti ) -.1449 / .6297 .1536 / .7625 .
Yerr (ti ) .0610 / .6407 -.1588 / .6698 <
xerr(ti') -.0849 / .5947 .0922 / .7133 s
Yerr (ti') .0474 / .6026 -.0015 / .6096 '
x-centery (t;')  -.0057 / .1195 -.0333 / .1296 ol
y-centery(t;¥)  -.0055 7/ .0758 .0617 / .0774 2

Yy peak-mean error (tg ) = -2.0 pixels .

Yy peak-mean error (t1+) = -1.2 pixels
recovery time = .7 seconds
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Kt 6.3.2 Constant Turn-Rate Model Tracker. The

]
b
3
3
4
y
)
J

performance plots for the case where the bending/vibration

states are included using the constant turn-rate model

Y

tracker are shown In Figures D-9 through D-16, and the
statistical data appears in Table 6.6. As was evident in
the Gauss-Markov case, although the time averaged x- and y-
position errors are roughly of the same order, the 1-sigma
deviation for the bending/vibration case tend to be .2 to .3
pixels greater than for the benchmark case in Table 6.3.
This implies that the inclusion of the bending/vibration

phenomena increases the uncertainty of the actual position

Table 6.6
ii? Single Filter With Bending/Vibration;
’ CTR/SNG-8/T2/10-G/QB1l
Temporally Averaged Time Interval
Error Parameter
(mean / 1 sigma) (0.5 , 2.0]) (3.5, 5.0]
;ett(ti—) .4511 / .6175 .2088 / .7312
;ett(ti-) .0098 / .6179 .4558 / .6266
xerr(tih) .3800 / .5877 .1636 / .7000
Yerr(tit) .0109 / .5884 .4162 / .5872
x-centery (ty*) .0022 / .1088 -.0129 / .1109
y-centerg (t;) .0025 / .0647 .1584 / .0622
Yy peak-mean error (ti-) = -6.0 plixels
Y peak-mean error (tl*) = -4,0 pixels
- recovery time = 1.3 seconds
94
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%3 o of the target by 2/10 to 3/10 of a pixel, or, the impact of E
~ ?§. modeling the bending phenomena has a the same impact on :
3: the constant turn-rate tracker model as was evident on the
.=§ Gauss-Markov model tracker. Again, as was the case for the
’Ei Gauss-Markov model tracker, the time averaged statistics 1
:% pertaining to the location of the centroid are not affected
Lil by the inclusion of the vibration and bending phenomena. i
"ﬁ The effects of performing the simulation at the faster

- sampling time (50 Hz) and the effects due to modeling

%E bending and vibraion have shown comparable results to both

j; the Gauss-Markov model tracker and the constant turn-rate
f;i model tracker (performance data not shown). Although the
%; constant turn-rate model tracker has exhibited better
- "' performance than the Gauss-Markov model tracker at close
l&? e ranges, the robustness issues to be addressed do not concern

;E close range scenarios; therefore, subsequent simulations Z
3; utilize the GM MMAF tracking algorithm since past studies :
f&f have shown it to be preferable to the CTR model tracking i
%3 algorithm at moderate to long ranges. i
:x 6.4 MMAF Bending/Vibration Analysis -
i} An analysis comparable to that of the single filter

é} case, Sectlion 6.3, is performed with the GM MMAF tracking

at algorithm. In addition to fhe two scenarios analyzed in the

E; single flilter case (excluding, then including, the bending

:ﬂ: and vibration phenomena), two additional scenarios are

N considered. The four scenarios, which are distinguishable 3
?: o .
ol ’
E; 95 4
.
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2 o by the magnitude of the zero frequency PSD value of bending ;
- td& noise (see Appendix A for the full development of sz, which ;;
} is in fact that PSD value at zero frequency), are addressed i
: in subsequent sections: 1) sz = 0, or effects of bending/ &'
: vibration states are excluded; 2) sz =5X 10—13, includes ;
~§ the anticipated effect of bending/vibration without filter E
E retuning; 3) sz =5 X 10_12, increases the effect of ;
; bending/vibration states by an order of magnitude above the N
‘E anticlipated nominal values, again without filter retuning; “
; and 4) same as (3) plus the addition of filter tuning. Ek
* These analyses are performed with the Gauss-Markov, :
ﬁ multiple-model adaptive filter tracking algorithm against a ;'
i trajectory #2, 10-g maneuver. EE
‘. 6.4.1 MMAF Benchmark Simulation. Figures E-1 through N
i “ E-8 show the benchmark of performance simulation for the i:
? case where the bending/vibration states are excluded from ;al
- the truth model. These results are the same as those 3
; determined by Tobin (19:150-157). The statistics for the EE
?Z MMAF benchmark are shown in Table 6.7 and the dominant Ef
¥ elemental filters are reflected in Table 6.8. These two )
? sets of information serve as the basis of performance i
| comparison for subseguent analyses involving the Gauss- g.
Markov, Multiple Model Adaptive Filter, 10-G pull-up >
E maneuver, trajectory #2 simulations. ij
‘E Notice that the reacquisition algorithm discussed in EE
3 Section 5.4 is accomplished at frames #74 and #75, as shown ~
s Q&f in Table 6.8. The state estimate of filters #1, #3, #4, and &
E ey
N 96 >
. x
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Table 6.7

Multiple Model Adaptive Filter Benchmark;

GM/MMAF/T2/10-G

Temporally Averaged Time Interval
Error Parameter
(mean / 1 sigma) (0.5 , 2.0) (3.5, 5.0]
;en:(tl_) .0024 / .4351 .2394 / .5155
Yerr(ti ) .0001 / .4327 .0968 / .7136
;e,;r(t1+) .0116 / .3852 .2010 / .4303
Yerr (tih) -.0090 / .3950 .2311 / .6094
;-centerr(t1+) -.0033 s .1123 .0852 / .1787
y-centerr (t;*)  -.0159 / .0634 .3991 / .2781
y peak-mean error (tj ) = -1.7 pixels
Yy peak-mean error (t1+) = -.7 pixels
recovery time = .6 seconds
Table 6.8
Dominant Elemental Filters;
GM/MMAF/T2/10-G
Interval Dominant
(Frames) Filter(s) Comments
1 - 65 1 Tracking of benign trajectory;
maneuver begins at frame 60
66 - 73 82, #5 Y-direction maneuver recognized
74 - 75 82 Other filters "lose lock"
76 - 120 82, M Wide FOV tracking
121 - 150 83 10~-g maneuver recognized
97
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T #5 are all reset to match filter #2's state estimate since Eb
e filter 82 is the only filter that doesn't "lose lock". At ?ﬂ
frame 874, a good estimate of the target's y-acceleration is :i'
h predicted by filter #2, which is then transferred to the %;
; other filters during the reaguisition cycle. This transfer ;:(
effectively resets the conditional mean value of the Gauss- iﬁ
: Markov acceleration processes in the remaining filters, thus :%
. providing each filter an accurate estimate of actual y- ]
direction target dynamics. It is reasonable, therefore, to 3'
h stretch the FOV in the x-direction (weighting filter #4 §§
. appropriately) during this period since most of the changes -*
in the target's acceleration now occur in the x-direction. %f
- 6.4.2 Bffects of Bending/Vibration. This section :?
e .. addresses the impact of including the bending/vibration 7:
o states in the simulation truth model but not telling the E
filter any additional information. Recall from Appendix A ?
: that the strength of the bending/vibration white noise, Q, 7
‘E Is expressed In terms of the parameter Kp> and that the E$.
baseline value for sz is 5 x 1013 (equal to the zero- :é,
frequency PSD value). Figures E-9 through E-16 show the o
E performance plots for this simulation. Figures E-9 and E-10 Ei
X show that the actual error exceeds the filter-computed error &;

a
‘g

at random intervals throughout the simulation, thus implying 4
that the filter is oblivious to the changes being contrib-
uted from the bending/vibration phenomena, as expected. As -
was the case for the single filter analysis, the MMAF "3

appears to be more confident of Lts outputs than it should
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Table 6.9

MMAF With Bending/Vibration;
GM/MMAF/T2/10-G/QB1l

~

Xerr(t
Yerr(t
Xerr (t

Yerr(t

-~

1-)
1_)
)

1*)

y-centetr(tl*)

Temporally Averaged
Error Parameter
(mean / 1 sigma)

x-centerr (ti*)

Y peak-mean error (t; )

(0.5, 2.0) (3.5, 5.0)
.0410 / .6374 .1837 / .7821
.0582 / .6463 .0944 / .7983
.0498 / .5926 .1395 / .7224

/ .6076 .2306 / .6912
.0010 / .1332 .0451 / .1471
-.0081 7/ .0718 .3143 / .2415
= ~-1.6 pixels
= -.7 pixels

Y peak-mean error (ti*)

recovery time

Time Interval

.6 seconds

Table 6.10

Dominant Elemental Filter;
GM/MMAF/T2/10-G/QB1

e, N N AT AT IR AT A T T

Interval Dominant
(Frames) Filter(s) Comments
1 - 66 DY Tracking of benign trajectory;
maneuver begins at frame 60
67 - 1712 82, #5 Y-direction maneuver recognized
73 82 Other filters "lose lock"

74 - 138 82, M Wide FOV tracking, intermittent
attempts to lock on x-direction
filter (#4)

139 - 150 #3, M 10-g maneuver recognized, harsh
changes in x-direction followed
99
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:é ;Q? be. Table 6.9 shows the time averaged statistics for this
Lt simulation. A comparison of the x- and y-direction error

:E: statistics of Table 6.9 to those of the benchmark case of 3
‘3 Table 6.7 reveal that, although the estimate of the mean E
;‘ error in both cases, with and without bending/vibration, are 2
;E very similar, the uncertainty about that mean is increased

i; by an average of 0.2 pixels when the bending/vibration

= phenomena is introduced. This is a direct correspondence

ﬁ with that found in the single filter benchmark case. This

,% increase in the uncertainty can also be seen by comparing ﬁ
- Figures E-11 through E-14 to the benchmark equivalent plots 8
EE of Figures E-3 through E-6. The estimate of the x- and y- i
és centroid errors and their associated one sigma values for .
f% r;- both cases show no apparent dissimilarities between the two, B
. . as was the case with the single filter analysis In Section i

6.3. The dominant elemental filters for this simulation are N

2 shown in Table 6.10. As compared to the benchmark, in Table ;
_ﬁ 6.8, the two cases reveal some differences. First of all, ?
E; this tracking scenario tracks the benign portion of the é
: simulation for one frame longer than did the benchmark, k
; otherwise interpreted as an additional one frame delay E
,% before a maneuver wvas recognized. 8Secondly, and also sur- ;
?: prisingly, the simulation "lost track" for only one frame !
-i; (rather than two as did the benchmark) shortly after recog- i
_ﬁ; nizing the y-jink maneuver. And thirdly, it takes the ?
3 algorithm longer to recognize the 10-g maneuver when the
ii; I}}? bending phenomena is modeled.
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. a-"f-:. 6.4.3 Increased Bending/Vibratjon Phenomena. This N4,
A b S ¥

section addresses the concern of what magnitude of filter

E performance degradation can be expected If the phenomena due E:
; to bending/vibration is an order of magnitude greater than :l
. expected, or sz = 5 X 10-12, Figures E-17 through E-24 ;
: show the performance data and Table 6.11 reflects the ;
¢ statistics for this simulation. Figures E-17 and E-18 :g
. reveal the adverse impact as a result of the increased ;‘
é effect of the bending/vibration phenomera. Although the E
: actual RMS error has increased significantly, the filter- 5\
- computed RMS error ignores these effects. This is .‘
i comparable to the case of a finely-tuned filter for a E
E . scenario which is really not present, which is expected éi
! ‘. since the bending phenomena is not modeled in the filter. .
;E The temporally averaged statistics of Table 6.11 show a é?
? significant difference in the one sigma values about the g
: wmean x- and y-error parameters, although the mean-error "
; estimates had not changed significantly. The standard devi- El
E ation of the errors has increased by a factor of four to ;
five times beyond what was seen in the benchmark simulation. -
'E This wide spread of the one sigma error is clearly visible %
: in Figures E-19 through E-22., 8Since the average uncertainty g
. associated with the x- and y-error parameters lie in the o
;é range from 1.5 to 2.0 pixels, filter tuning is appropriate ;{
El in an attempt to force the filter to "recognize" the |
. changing, dynamic environment which it is ignoring, again, y
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Table 6.11

MMAF with Increased Bending/Vibration
GM/MMAF/T2/10--3/QB2

~ '-
- g
'h Ly
\ -
b Temporally Averaged Time Interval .
+ Error Parameter
(mean / 1 sigma) (0.5, 2.0} (3.5 , 5.0) -1

N Xerr (ti ) .0927 / 1.539 .1294 / 1.976
o -~ -
~ Yerr (ti ) .1610 / 1.515 .2304 / 1.625 A
4 xerp(ti¥) .1004 / 1.915 .0741 / 1.915 -
‘ "~

- L'
> Yerr(ti ) .1397 / 1.449 .3446 / 1.528 -
~ -~ AP
b x-centerr(ty”) -.0345 / .1493 .0053 / .1570 5
h.. > .
> y-centerg (t;*) .0062 / .0932 .1862 / .1976
(s _ N
- Yy peak-mean error (tj; ) = -1.7 pixels -
N .
:E y peak-mean error (t1+) = -.7 pixels .

‘e
= ‘.. recovery time = .6 seconds ‘.

TR

which is expected due to the original Even though

tuning.

the filter grossly underestimates the error variances in its
estimates of the target's x- and y-position, the x- and y-

centroid errors do not appear to be affected as compared to

AR RN

the benchmark simulation.

This shows that, although the

state estimates are corrupted via the reduced-order filter

model,

there is little ilwmpact on centering the image for

averaging.

6.4.4 ]Increased Bending/Vibratjon With Tuning. This E

sectlion addressea the attainable performance when the order

of magnituae of bending/vibration phenomena such as shown in

................................
...............................
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Section 6.4.3 is evident in the truth model but the filter
is allowed to be retuned for best estimation accuracy. In
selecting the appropriate filter tuning parameters, the
filter "Q" is disregarded since the dynamics models have not
varied from the baseline simulation. The filter "R"™ value,
however, should vary due to the fact that the bending and
vibration phenomena was not modeled in the filter (recall
Equations (6-2) and (6-3)) and, in fact, the "R" is expected
to increase, to account for the variance (RMS) contribution
of xp and yp to z; and z;, respectively. An initial
approximation as to what "R" value to choose can be computed
from the adaptive estimation relation (10:122):

i

£ lrjry - HCEHIR(E;IHET(E)]  (6-2)
j=i-N+1

R(t;)

Z

The first approximation of "R" revealed that it should
be increased almost two orders of magnitude greater than the
empirically determined values ldentified in Eqguation (4-22)
without bending effects considered. This increase, however,
only improved tracking performance slightly better than what
had been shown without the additional tuning. A closer
examination of the mean-squared value contribution associ-
ated with the bending states (over a single Monte Carlo
simulation) revealed that an increase of four orders of
magnitude, rather than two, over the baseline "R" values was
appropriate. Pilter tuning for the "best" values resulted

in the following, which is the result of adding 4] to the

103
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values identified in Equation (4-22) (the value of 4 was
derived from taking the average contribution of the variance

from xp, and yp, over a single Monte Carlo run):

4.00436 0

[
n

(6-3)
0 4.00598

The corresponding performance plots are shown in
Figures E-25 through E-32 and the statistical data appears
in Table 6.12. Notice that the filter exhibits a delayed
response to the maneuver by approximately one-~third of a
second as illustrated by the filter-computed RMS error
curves of Figures E-25 and E-26. 1In addition, these plots
show the effect of the increased measurement noise "masking"
the filter-computed RMS values, implying that the filter is
tuned to place less trust in the measurements and to rely
more on the internal filter dynamics models. The increase in
measurement noise also impllies that there lies a greater
uncertainty associated with the measurements, which is indi-
cated in Flgures E-27 through E-30 by the larger standard
deviation as compared to the previous case without the addi-
tional tuning, as depicted in Figures E-18 through E-24.
This relationshlp can also be seen by comparing the x- and
y-statistics shown in Table 6.12 with the corresponding data
in Table 6.11. 1In addition to the increased standard devia-
tion, the y-channel also displays a bias of approximately

-4.0 pixels, beginning at the onset of the maneuver and
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Table 6.12

MMAF with Increased Bending and Tuned
GM/MMAF/T2/10-G/QB2/R+4

Temporally Averaged Time Interval
Brror Parameter
(mean / 1 sigma) (0.5 , 2.01 (3.5, 5.0])
;,,,(ti’) -.0660 / 1.515 .5191 / 2.102
;@,,(tl') .0200 / 1.509 -1.392 / 1.581
] ;e:r(tl*) -.0506 / 1.462 .4398 / 2.049
Eg Q@,,(tl*) .0136 / 1.456 -3.703 / 1.514
§§ x-centerg(ty ) -.1880 / .6455 .4274 / .5502
i? y-cente,r (ty ") -.0932 / .5986 -4.015 / .4384
EE Y peak-mean error (tj ) = -6.5 pixels
Eg . Y peak-mean errxor (t1+) = -4.5 pixels
9, recovery time = .6 seconds

continuing throughout the duration of the simulation. This

phenomenon ls also exhibited by the estimated y-centroid

error as illustrated in Figure E-32, with an initial bias of

about -3.0 pixels and increasing (negatively) in time.

These bilases in the y-channel are a result of the increased

'
AR

measurement variances in the filter-assumed model. Examina-

h)

J)ﬁl)J}n

A
‘y

tion of the dominant elemental filters for this simulation

P
S
z

revealed that filter #2, the large FOV filter, remained

dominant throughout after the time of the maneuver

intlation. This implies that the increased measurement

variance inhibited the abilitiy of the MMAF algorithm to

----------------------
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distinguish between the "good"” and "bad” filters, and thus

"..'\‘:‘
“ Nt

~ the increased bias in the y-channel is due to filter #2's
poor estimate of y-channel dynamics. This can also explain
the exceptionally high time-averaged y-centroid error para-
meter value shown in Table 6.12 between 3.5 and 5.0 seconds.
As a result of the proposed tuning method, Figures E-24 and

E-25 indicate that better performance is attained with the

higher "R" values; however, Figures E-26 through E-32
indicate the converse (especlally in the y-channel).

As a further investigation into this concept of the
unexpected bias contribution, the discrete-time measurement
noise matrix was changed to reflect the values of 1.5 where
the square root of this is the standard deviation contribu-

i“ tion from the bending states over a ten run Monte Carlo

- simulation (it makes more sense to alter the measurement

matrix by the variance; however, the intent of this simula-
tion 1s to show a trend, rather than a physical realiza-
bility). The performance plots for this simulation are
shown in Figures E-33 through E-40. Figures E-33 and E-34
reflect that "better" tracking as compared to the case with-
out tuning is effected; however, a similar occurrence to
that of the previous tuned case is evident - a biasing
effect appears after the maneuver Initlation in the y-
channel. Again, the dominant filter after the maneuver was
filter #2, and, thus, this shows that too large of a
measurement variance was being utilized in order for the

algorithm to adequately distingulsh the correct model.
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. f{ﬁf 6.4.5. Impact of Bending/Vibratjon Phenomena. As has -
o been shown, the effect of modeling bending and vibration in N
-!‘\ g
:: the truth model but not providing the filter such additional
o
b
}: information does not impede the Gauss-Markov MMAF tracking
o~ algorithm from accurately pointing and tracking, provided
” .
- the level of bending and vibration is on the order of that 5
o -
- expected. However, if the level of bending and vibration is .
) greater than that which is expected, tracking can be main-
o g:
'f tained but accurate pointing for the purpose of focusing a g
\‘" h
3{ weapon such as a laser is severely degraded. The two tuning o
LY .
';_ exercises associated with the lncreased bending level have -
f.‘ ).
@ implied that the result of increasing the measurement ﬁ
N ) %
iy variance to account for the unmodeled effects impedes the ‘
.} ‘3. MMAF algorithm's ability to choose the appropriate filter -
- model in the bank. h
A
n" ~
. ¢
N 6.5 Scenario Sensitivity Analysis
3: This section addresses the sensitivity of the tracking
'E algorithm to variations of pixel size, target type, target ")
-, :
- range, and noise characteristics. The simulations performed
{j for this analysis do not include the effects of bending and
‘i- vibration in the truth model; in addition, software
-
& modifications have been introduced at this point to
;5 accommodate the description of two additional trajectories "
,.j o
" which are introduced in the following section. These
-~ simulations are performed using the Gauss-Markov, MMAF -
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:
;g . tracking algorithm employing a trajectory #2 configuration.
s ;;$ Table 6.13 shows the scenarios considered for this analysis.
- The target type parameters, or correlation time pairs,
; of 8/3, 4/1.5, 4/.8, and 4/.4 are perceived to represent the
,k dynamics of a long-range missile, a bomber aircraft, a high-
3 performance fighter aircraft, and an air-to-air missile,
? respectively. These time pairs identify the correlation
times assumed by the filter for both the benign and the
o dynamic case; for the benchmark, the benign T= 4 seconds
3 and the dynamic 7= 1.5 seconds. The pixel size corresponds
g: to the angular field-of-view of a single pixel and the range
i parameter corresponds to the target's initial condition at a
3 location perpendicular to the FLIR FOV. With respect to
5 ‘;' pixel size, those simulations that vary from the nominal
(nominal = 20 Mrad on a side) necessitate changing the
; inertial x- and y-initial conditions in order to provide
;4 the tracker the identical initial angular orientation of the
E target as seen by the FLIR FOV as in previous studies. This
.g relationship with respect to elevation and azimuth is
N depicted in Figure 2.6.
;E The noise parameters, Qgp; and Qgy, are the respective
)g continuous-time noise strengths (nominal values determined
3 by computing Equation (5-1) on the values depicted in Table
5.2) for the dynamics driving noises for the models upon Eé
i which the filters are based. Recall from Equation (5-1) gi
. that "Q" 1s expressed as a function of the acceleration 2
A ?f?; varlance (or mean squared value) and correlation time for §§
' ) =)
; 108 :j
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Table 6.13

Scenario Sensitivity Parameters

§ Target Type Pixel Size Range Nolse Maneuver

(seconds) (radians) (meters) (Q)
1. 8/3 200 nrad 2000000 QRr1 2-G
2. 8/3 200 nrad 2000000 QRr1 10-G
3. 4/1.5 20 prad 20000 QR1 10-G
‘. 4/1.5 20 prad 20000 QRr1 20-G
5. 4/.8 20 prad 20000 QR1 10-G
6. 4/.8 20 urad 20000 gr1 20-G
7. 4/.4 20 prad 20000 QRr1 10-G
8. 4/.4 20 purad 20000 Qr1 20-G
9. 4/ .4 2 mrad 20000 QRr2 10-G
10. 4/ .4 2 mrad 20000 QRr2 20-G

the first-order Gauss-Markov filters. The parameter Qg; in
Table 6.12 implies that, for those simulations, the zero
frequency PSD (and low frequency) value for "Q" must be
equivalent to that of the benchmark simulation in order to
retain a viable performance analysis comparison, or, the
mean sgquared value of acceleration (where the energy corres-
ponds to the area under the PSD curve of Figure 6.1) remains
the same between the scenarios to be compared. Therefore,
for those simulations where the target type is different
from that of the benchmark simulation (7= 4/1.5 seconds),

the corresponding filter variance must also be adjusted to
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{h ‘3&4 retain this relationship. Figure 6.1 {llustrates the rela- :

tionship between "Q" and the PSD curve for a first-order
Gauss-Markov process. The noise parameter Qgp2 is an excep-
tion to the above discussion based upon the intuitive notion

that, as the pixel size decreases in magnitude without a

65

f} corresponding increase in range magnitude, then a similar \
v 2
o proportional increase of the filter's driving noise strength '
N

5 must occur in order to compensate for the "apparent" changes
;2: in target dynamics due to decreased pixel size. Note that J
7o adjusting the baseline "Q" value, QRrj, is not necessary for

> the first scenario listed in Table 6.13 as compared to the

j& nominal since the pixel size not only decreased by two ;
~
b y
3: orders of magnitude from the nominal but the initial A
~ -
- yﬁ' (nominal = 20,000 meters) range coordinate also increased by
Y

-

N
-'*_-t ‘ \
N

.

. 2

o~ 20° _
i:_ =Q .

Q(0) [o

S T
b f-_: /
g

-':‘.' -Ir-— —— e — ———

a
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S w (frequency)
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P
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RS Figure 6.1 PSD Plot of a First-Order Gauss-Markov Process :
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N N

N

a 110




2 T -

‘g yr i
HARRHARS RSN

LA
T TR
PN )
A

< " - Ol 0ud *od.°, . . ag ) . .
DA S pha e nth tpt R ALY B Sl A A A . IR N e I e LRSS AN AP A e® AP T NC PR A SN R A A

l.l
.
-’l

a
« 2

i
0,

two orders of magnitude. This corresponds to the argument
that, as the pixel size decreases/increases in magnitude and
the range to target increases/decreases by a proportlional
degree of magnitude, the driving noise strength necessary in
the filter to depict the same magnitude of target maneuvers
is unchanged. 1In addition, this differs from Tobin's "Q-vs-

Range" functlon (19:126) described by:

Qry = (r/r1)2 Qpy (6-4)

where:
Qr1 = strength of driving noise for a target at range rl
Qy2 = strength of driving noise for a target at rabge r2

where this relationship is based upon targets at different
ranges while maintaining the equivalent plixel size.

Rather than discussing all ten of the simulation
scenarios listed in Table 6.13, scenarios 1, 4, 5, 8, and 9
will be discussed since these simulations encompass the
different variations of parameter values. Scenario #2 is
the same as #1 but with the turn maneuver occurring at a
higher g-level. Scenario #3 is the same as the benchmark
run discussed in Section 6.4.1 and scenarios #6, #7, and #10
are similar to #5, #8, and #9, respectively, with the
exception of the different g-level maneuver.

6.5.1 Range/Pixel 8ize Sensitivity. Scenario Il
considers the case where the pixel size is decreased by two
orders of magnitude and the range-to-target is increased by

two orders of magnitude (nominal range = 20000 meters).
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"benign®™ correlation time of 8 seconds and a "dynamic"
correlation time of 3 seconds throughout the 2-g turn. The

performance plots for this simulation are found in Flgures

F-1 through F-8 and the time
. compliled in Table 6.14. The
are very simlilar to those of

in Table 6.7 with one unique

error is approximately 1/2 that of the benchmark run, or the

averaged statistics are

N This scenario 1s performed for a target represented by a

& 1 F o " '.;.-
\\*.\_'\’I

'y
o

statistics for this simulation

the benchmark case as depicted

exception:

the y-peak-mean

filter does a better job estimating the target's position at :

the time immediately following the harsh maneuver when the [_

Table 6.14

-
“.-. MMAF Scenario #1 Statistics
GM/MMAF/T2/2-G/T=8,3/25=2000000

Temporally Averaged
Error Parameter
(mean / 1 sigma) (0.5

;e,,(ti') .1572
;étr(ti_) -.0258
;er,(ti*) .1360
;érr(ti+) -.0223
;-centerr(t1+) 1223

~

y-centarr(t; ") .0049

- recovery time

Time Interval

, 2.0)
.5273

.3543

.3114

/

/

/ .4230
/

/ .1035
/

.0589

Y peak-mean error (ti—)

y peak-mean error (t1+)

(3.5

.1141

.0426

.1156

.0259
.0566

-.0043

= -,.9 pixels

-.6 pixels

.7 seconds

/ .5398
/ .3760
/ 4331
/ .3354
/ .1345 ]

/ .0817 '
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K $i
ﬂ e, target is positioned at great distances from the sensor. %
A :j? Figure F-2 shows this phenomenon, as compared to the bench- ?
l? mark case in Figure E-2, where the actual RMS error changes 5{
E drastically for the time between 2.0 and 3.0 seconds and the E
,$ filter does a good job of following the changes. Also of ;
. particular interest are the different characteristics asso-
é ciated with the estimated x- and y-centroid positions as
L shown in Figures F-7 and F-8 as compared to Figures E-7 and
E-8 (note the difference in scales). The estimated x-plus N
centroid position exhibits a positive bias, or overestimate, )
until the time when the maneuver is initiated, shown in ij
Figqure F-7, as compared to the relatively stable estimation ﬁi
shown in Figure E-7. On the contrary, the estimated y-plus ;J
‘. centroid position exhibits a much more stable estimation, -
) shown in Figure F-8, as compared to that of Figure E-8, ;
S which exhibits a bias for time greater than 3.5 seconds. ?
3: 6.5.2 High-g Maneuver Sensitivity. Scenario #4 e
: represents a target of correlation time pair of 4/1.5 g‘
gz seconds pulling a 20-g maneuver at nominal range and pixel i§
5: size and utilizing the baseline values of Q. Performance g
" plots for this simulation are shown in Figures F-9 through i:
z F-16 and the statistical data is reflected in Table 6.15. gt
: As had been demonstrated in a previous research effort by i’
; Tobin (19:107,109), the filter performed rather well against f&
E this scenario, which serves as the benchmark to measure the Eﬁ
2 effectiveness of subsequent 20-g scenario simulations. Note N
- .;; how fast the filter recovers from the maneuver, as can be ti
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AT
:: }_:,::.' Table 6.15
| MMAF Scenario #4 Statistics
:E GM/MMAF/T2/20-G/T=4,1.5
2
NN Temporally Averaged Time Interval
; Error Parameter
N fnean / 1 sigma) (0.5 , 2.0] (3.5, 5.0}
Eu Xerr (t] ) -.0456 / .4261 .5565 / .5519
E Yerr (ti ) -.0105 / .3571 .4192 / .6163
' xerr(ti) -.0354 / .3707 .4294 / .4377
-_; yerr(t:h) -.0137 / .3173 .5792 / .5144
'_2': x-centery(t;*)  -.0006 / .0948 .2694 / .1697
}£ ;—centerr(ti*) -.0015 / .0536 .6919 / .2719
:; y peak-mean error (tj; ) = -2.3 pixels
;%& N Y peak-mean error (ti+) = -1.1 pixels
.;: o recovery time = .5 seconds
X
%g seen by comparing Figqure F-2 to E-2, thus implylng that the
:? filters are "better" tuned for 20-g maneuvers than they are
'§§ for 10-g maneuvers. This is also evident in Figures F-6 and
'§2 E-6 in the estimation of the y-plus position and Figures F-8
' and E-8 in estimating the y-plus centroid position.
‘?2 6.5.3 Medjum Correlatjion Time Target. Scenario #5
{3: represents a target of correlation time pair 4/.8 seconds at
- nominal pixel size, range, and noise strength pulling a 10-G
é? turn. The variances assoclated with elemental flilters #2,
:;g #3, #4 x-dynamics, and #5 y-dynamics were adjusted to 5333,

- ~_ 1066, 5033, and 5033, respectively. This adjustment retains




PACI IS I Pl A e A A A i falaf et L e EafiCaA A N L e

e

<

:é - the equivalent mean squared value of acceleration that was E
-~ ;ﬁﬂ: avallable to the filters in the benchmark runs so that a P
5 one-to-one comparison is effected (pictorially illustrated i
ﬁ: in Figure 6.1). The performance plots for this simulation :
.ﬂ appear in Figures F-17 through F-24 and the statistics are :
“i shown in Table 6.16. Evident in both the statistical data :
23 and the performance plots are characteristics comparable in .
~ performance to the benchmark, with the exception that the x- :
_ﬁ; channel estimates shown in Fiqures F-19, F-21, and F-23 (as K
‘? compared to Figures E-3, E-5, and E-7, also note difference y

-s-

in scales) for both position and centroid position exhibit a A

W

time-increasing bias after roughly 0.5 seconds after the

4
s

SR Table 6.16 .
. K
W MMAF Scenario #5 Statistics i
oy GM/MMAF/T2/10-G/T=4, .8 :
.:_: R
N P
\ﬁ Temporally Averaged Time Interval i
Error Parameter .
" (mean / 1 sigma) [0.5 , 2.0) {3.5 , 5.0]) N
W) N v
N Xerr (ti ) -.0516 / .4243 .2955 / .5216 E
P Yerr (ti ) -.0097 / .3574 -.0735 / .6532 N
7 xerr (ti') -.0374 / .3699 .2476 / .4196 .
b Y -~ -
-7 Yerz (ti™) -.0125 / .3174 .0912 / .5883
’-’p ~
g x—centerr(t1+) .0010 / .0978 .1419 / .1456
}f y-center  (t;*)  -.0005 / .0541 .3575 / .3041 :
[ .f‘f - r
O y peak-mean error (tj; ) = -1.7 pixels ;
- X
. y peak-mean error (t1+) = -.7 pixels :
NN recovery time = .5 seconds 3
-.:\ A b
AN N
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25 &SE maneuver has been initiated. The probable cause of the blas
o is the fact that the filters were previously tuned for a K
a target correlation time of 1.5 seconds, thus, the strength E
>§5 of the driving white noise, "Q", was predicated on this type E
f of correlation time. This is comparable to optimally tuning
%; the Kalman fllters to track bomber type alrcraft but E
EE performing the tracking simulation against fighter type 2
o aircraft. One means to handle this phenomenon would be to
3 provide adaptive estimation of parameters such as the filter
k: "Q", or other parameters where appropriate, and adjust the
;Q' parameters to react to the changing environment.
ﬁ; 6.5.4 Fast Correlation Time Target. Scenario #8 rep-
:§ . resents a target with correlation time pair of 4/.4 seconds
_T ‘,- at nominal pixel size, range, and noise strength pulling a
:j 20-G turn. Again, the variances related with elemental
E{ filters #2, #3, B4 x-dynamics, and #5 y-dynamics were
1J adjusted to 2667, 533, 2667, and 2667, respectively, to .
EE account for the matching of the mean squared value of accel- f
{EE eration between this simulation and the benchmark (see %
’ Figure 6.1). For performance comparison purposes, this 3
;jé simulation is measured against the performance exhibited in %
E; the Scenario #4, the 20-g benchmark. The performance plots
. for this simulation appear in Figures F-25 through F-32 and
 ?§ the statistical data is shown in Table 6.17. 1In comparing ;
E; the performance data, Figures F-27, F-29 and F-31, as
2o @, compared to Flgures F-11, F-13, and F-15 (note difference
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A Table 6.17 2
LA A
MMAF Scenario #8 Statistics t-

b GM/MMAF/T2/20-G/T=4, .4 o
| 7
3 R
Temporally Averaged Time Interval {}'

Error Parameter o

(mean / 1 sigma) (0.5, 2.0} (3.5, 5.0) L

3 ~ N
{ Xerr(ty ) ~-.0679 / .4213 1.175 / .5201 e
: ~ _ -,

i Yerr (ty ) -.0089 / .3557 -.8953 / .3924

xerr (ti¥) -.0467 / .3702 .8846 / .4199 ’.

-~ :- J“\
Yerr (tih) -.0119 / .3154 -.6203 / .3609 N

-~ ha

x-centarr(t;*) .0013 / .0970 .5576 / .1525 e

~ ." -

y-centerp(ti’) .0004 / .0528 .0665 / .1045 '

Y peak-mean error ‘tl-) = -3.0 pixels &3

N

y peak-mean error (t;') = -1.5 pixels ;E

i“ recovery time = .7 seconds

in scales), the bias in the x-channel as seen in the

scenario #5 is prevalent. 1In fact, this bias is larger than ii
seen previously, primarily due to the greater mismatch of iif

! the correlation times as compared to the benchmark. Again, i
a parameter estimation technique would seem appropriate to ‘*
compensate for the large bias errors. ;E

6.5.5 Pixel Size/Nojse Strength Relationship. ff

Scenario #9 represents a target of correlation time pair of ;»
4/.4 seconds at nominal range and pixel size of two Eg?
milliradians pulling a 10-G maneuver. The noise strength ﬁg:

for this simulation was decreased by two orders of magnitude ff

32 for each filter to correspond to the same increased pixel ii.
o
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size from nominal. The performance plots appear in Figures
F-33 through F-40 and the statistical data is depicted in
Table 6.18. Of particular interest is the high x-position
estimation error for time less than 1.2 seconds as compared
to the benchmark simulation. Although this is evident in
Figure F-33, it is more clearly visible in the mean error
estimate shown in Fligures F-35 and F-37. The mean value of
the error in the filter's prediction estimate has increased
by almost two orders of magnitude compared to what had been
experienced in the benchmark scenario. This is felt to be

due to the fact that, although the pixel size had increased

Table 6.18

MMAF Scenario #9 Statistics
GM/MMAF/T2/10-G/T=4, .4/KPT=.002

Temporally Averaged
Error Parameter

Time Interval

(mean / 1 sigma) {0.5 , 2.0) {3.5, 5.0]
;e,,(ti') .2263 / .4067 .0753 / .3103
;e,r(tl') -.0440 / .3241 -.0932 / .3087
xere (ti') .1616 / .2964 .0756 / .2916
yerr (ti*) -.0422 / .2964 -.0761 / .2889
x-centerr (t;*) .0070 / .1021 .0132 / .0982
;-center[(t1+) -.0156 / .0634 -.0160 / .0632

Y peak-mean error (ti_) = ~-.3 pixels

Yy peak-mean error (t1+) = -.2 pixels

recovery time 1.1 seconds
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by two orders of magnitude, the initial position and
velocity parameters associated with the target truth model
had not changed; therefore, the target "appears" to be
moving less harshly at the onset of the simulation to the
larger pixel size than it had for the nominal case. Another
interesting facet about this simulation is the stablity

associated with tracking the estimated y-position. The

5 A

peak-mean error estimate after the onset of the turning
maneuver had improved to 1/6th of that estimated by the .
benchmark run given in Table 6.7 (as expressed in pixels,

even though the physical pixel sizes themselves have changed

between the two cases).

6.6 Target Trajectory Sensitivity

This section analyzes the sensitivity of the tracking
algorithm against two target trajectories, #5 and #6, for
which the algorithm had not been previously tuned. Unlike
the sensitivity studies in the last section, the effects of
bending/vibration are included in the truth model for these
analyses. The trajectory sensitivity analyses are conducted
with the GM MMAF tracking algorithm against targets pulling
a 10-g turn.

6.6.1 8Sensitivity to Trajectory #5. The first
trajectory to be analyzed is trajectory #5. As shown in
Figure 2.5, trajectory #5 is accomplished by rotating
trajectory #2 by 450, thus reorienting the truth model

trajectory generation in space rather than redefining the
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ﬁﬁ} orientation of the inertial coordinate system. The perfor- ﬂﬁ
\.‘ N
mance plots are shown in Figures G-1 through G-8, the {‘
statistical data appears in Table 6.1°9, and the dominant ﬁ%
filters throughout the tracking simulation are depicted in ;jQ
Table 6.20. The statistical data shows that both the time %7
averaged mean and one sigma deviations have increased for Iii
T
all time as compared to the benchmark. However, a direct :;w
comparison of x-channel or y-channel results for the two ’
.l:'
cases doesn't make total sense, since the trajectory charac- ﬁ\‘
u{‘
teristics are now rotated with respect to the tracker's x- f:
and y-directions. Also, reviewing the time histories of y- L‘
.('\
minus position and y-plus position show that the filter 3:
._'t. ‘
w5
initially (for time less than .8 seconds), has difficulty in -
]
ii. estimating the actual y-position, which is depicted by the {_‘
mean error estimates fo Fiqures G-3 and G-5. This phenomena ?5
had only been experienced at the onset of the turn maneuver 2;
in previous scenarlo simulations. 1In addition, the data t
enumerated in Table 6.20 shows that the MMAF algorithm ;;
does not consistently identify a dominant filter for any one ﬂa
significant stage of the scenario. This is due to the '
.~_“:
orientation of the target and the orientation of the e
velocity vector not dominating any one direction with %,
respect to the field-of-view, especlially prior to the {)
)
maneuver initiation, but equally represented in both the S
T
FLIR x- and y-directlions. s
)
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e Table 6.19
J Trajectory B85 Statistical Data
- GM/MMAF/T5/10-G
‘\.
29
e Temporally Averaged Time Interval
. Error Parameter
(mean / 1 sigma) (0.5 , 2.0) {3.5 , 5.0]
Xerr ity ) .0770 / .6824 .1464 / .8269
Yerr(ti ) .0407 / .6911 .1999 / .6552
xerz(ti*) .0730 / .6302 .0565 / .74%1
Yerr(tih) .0534 / .6106 .2284 / .5897
x-centerr(t;’)  -.0083 / .1048  -.0748 / .1238
y-centery (t; ') .0420 / .0802 .1353 / .1789
Y peak-mean error (ti—) = -1.4 pixels
Y peak-mean error (t1+) = -1.,1 pixels
A
® recovery time = .6 seconds
Table 6.20
o Trajectory #5 Dominant Filters
Frame Dominant Filter(s) Remarks
- 1 - 14 "l Acquisition phase
- 15 - 16 ", 85 Attempts to follow a
T y-direction maneuver
17 - 69 $1, #2, #3, #5 Intermittent behavior )
.- between y-direction k
{: and 10-g maneuver -
-~
NS 70 - 150 2, 44 Attempts to follow a
N x-direction maneuver
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S 6.6.2 Ramping Acceleration at Turn Initiation. -
=N ’
N Trajectory #6 is of the same configuration as trajectory #2 <
o« with the exception that when the pull-up maneuver occurs i
" y
o (time = 2.0 seconds), the acceleration increases as a ramp
v
N4 function and attains its maximum after 5 sample periods have
;E‘ expired, rather than occurring as a step change. This type .
g -
:: of acceleration profile is more realistic, less harsh than .
o -
- the artificial step increase in acceleration. Figure 6.2 ’
i shows the initial acceleration profiles at commencement of 3
108
i: the pull-up maneuver for both trajectory #2 and #6. Notlce
2
:? that the greatest difference between the two trajectories
N occurs in the x-direction acceleration profile. The
trajectory #2 accelerations for the x- and y-directions are 5
=£l . expressed as:
e, ?
ay = ~WVpsgcos(wt) (6-3)
\- where: ’
) ) ) .
:§ Vmag = magnitude of velocity at t=0
%j W = turn-rate of the target
"y
. t = time, measured from maneuver initiation
= tgimulation - 2 sec (Note: applicable for the .
maneuver to begin at tgipylation = 2.0 sec) "
To effect a ramping acceleration, Equations (6-3) and (6-4) ;
- 4
-. are premultiplied by a dimensionless ramp function of the
following form for the first 5 sample periods after maneuver g
o initiation:
Cat .
- o r(t) = 6t (6-5) R
:\ W N
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where the 6 is present to account for the ramping effect to

attain its maximum after 5 sample periods (each sample is

e
iy

1/30th of a second). Thus, multiplying Equations (6-3) and

P
¥

A

(6-4) by Equation (6-5) and integrating the outcome produces
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)
:3 o the resultant x- and y-direction inertial velocity
b N relationships described by:
N
E;.:' Vy = Vmagibltcos(wt) - (1/wisin(wt)] - 1} (6-6)
;:i Vy = 6Vpagi{(l/wlicoswt) - 1) + tsin(wt)} (6-7)
" and
Ve = Vmag @ t = 0.0
-': vV, = 0.0 @t =0.0
]; Integrating Equations (6-6) and (6-7) provide the following
fﬁ x- and y-direction position relationships:
2
® xt = 6Vpag{2/wilcoswt) - 1) + t/wsinWt) - t} + xpo  (6-8)
e
o
? Yt = 6Vpagll2/0w sin(Wt)) - t/wll + cos(wt)l} + ygo (6-9)
:ﬁt ‘;‘ where:
E; o Xto = true x-position at time = 0.0
.ii Yto = true y-position at time = 0.0
f; Upon implementing these relationships into the GM MMAF
;;1 tracking algorithm, a slight enhancement in y-direction
é; performance is expected for the simulation beyond time = 2.0
'5- seconds as compared to the benchmark data with bending
;23 included appearing in Figures E-9 through E-16. The perfor-
;h mance plots appear in Flgures G-9 through G-16 and the
o statistical data appears in Table 6.21. Upon comparing the
‘:j perfromance plots for the two cases, no apparent differences
%E are discernible. As the data in Table 6.21 reveals, the
K mean errors in the estimates of y-position and y-centroid
;Ej .Eﬁa error have improved both at time equal to t;  and t;* as
~ ’
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R compared to the benchmark including bending and vibration as .
~ - - L)
. shown in Table 6.9. 1In addition, when comparing the one
-.':
- sigma values for all time, this simulation (for which the
ﬁ acceleration begins as a ramp) shows a slight improvement X
o »
. over the case where the acceleration acts like a step in the
ii y-direction, which is expected. One additional note is that
- the dominant elemental filters for this simulation (not
) shown) are basically the same as Table 6.10,.
L
7
W,
Ny
"‘. -
Cat D)
0 Table 6.21
. .
el Trajectory #6 Statistical Data ;
.~ GM/MMAF/T6/10-G/QB1 N
: 5
Ly 3
o Temporally Averaged Time Interval A
i 1@ Brror Parameter
- (mean / 1 sigma) [0.5 , 2.0) {3.5, 5.0)
/,, - -
= Xerr (ti ) .0427 / .6309 .1878 / .7882 3
~ - -
L -
b Yerr(ti ) .0586 / .6439 .0397 / .7693 -
= xerz (ti ') .0510 / .5869 L1431 / .7275 :
u Yerr (ti ™) .0439 / .6052 .1803 / .6683 .
I\ -
N - :
"s x-centery (t; ") .0025 / .1318 .0468 / .1463
& y-centerr(t;')  -.0091 / .0706 .2814 / .2204 ;
2 y peak-mean error (tj ) = -2.2 pixels -
- Yy peak-mean error (t1+) = -,8 pixels |
.j; recovery time = .6 seconds
J.:
.i:
7 ™
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~ \I"\f; -
3 ) This chapter has analyzed several aspects pertaining to ~
by airborne tracking systems simulations. First, the :
\ -
ﬁ potential of operating at a 50 Hz sample frequency versus a .
2 30 Hz rate was investigated for both the Gauss-Markov X
™ tracker and the constant turn-rate model tracker, utilizing 3
Zi a single filter confiquration. Secondly, both tracker ;
N models were evaluated with respect to adding the bending and d
) vibration effects of a large space structure to the truth p.
i; model without changing the basic structure of the filter, '
~ [
¢ thus representing a reduced-order fllter. After evaluating N
@
3 these effects against the single filter configuration, the f,
.-‘ ~
o same analysis was performed with the Gauss-Markov MMAF Y
4 -
' ‘-- tracking algorithm. In addition, the magnitude of the h
. Ve .
. ‘ bending was increased and filter tuning was performed to f
a' compensate for this unmodeled effect. After the bending and §
i“ vibration analysis, a sensitivity study was performed in
a order to evaluate the effects of changing pixel size, target ii
- type, or correlation time, driving noise strength, and 'i
¥ sensor-to-target range. This scenario sensitivity study was ~
then followed by a sensitivity study of two target trajectory i
profiles for which the filters had not been tuned. The .
conclusions drawn from these analyses are summarized in the v
> z «:
;: following chapter. -
“ ~
- "t
.t\ oY
o -~ =
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7 - VII. Assessments and Recommendations =
IR Z
. 7.1 Introduction .
Y |

4
N This chapter assesses the impact of the simulation .
) Xy
N analyses discussed in the previous chapter and suggests Ny
’ v

. research areas requiring further study. Section 7.2 -
~ -
E examines the simulations discussed in Chapter VI and i
I\ -

- evaluates each for their effect on the FLIR tracking o3

3

v algorithms. Section 7.3 addresses the preliminary studies ?

»
ﬁ performed on investigating a rotating rectangular field- :4
" N

i of-view concept and Section 7.4 enumerates recommendations @
L \l

o for further study.

.7 7.2 Assessments
% ‘; 7.2.1 Practicality of the 50 Hz Sample Frequency. The

o . potential of implementing the tracking algorithm at a 50 HZ -4
i rate rather than at a 30 Hz rate was investigated. The

k" impact of processing at the 50 Hz rate results in slight

P improvements in estimation: both the mean error and the Ef

N’ " :

:f s'arlance about the mean error in both the x- and y- ey
\'I y H
- directions decrease by a small amount (average 6% decrease). ~

Lé However, the computer loading penalty paid as a result of :;
.H f-

~ the more frequent sampling greatly outweighs the potential e
~ -
= benefits obtainable. As an example, the computer processing -

'E time assocliated with a ten Monte Carlo simulation utilizing 3
f the single filter Gauss-Markov tracking model results in a E

W N
2 73% increase for the 50 HZ version over that which had been 4
E @il experienced with the 30 Hz version. One would expect a 67% >
:‘: - :.- )
< )
- 127 2
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increase since 50/30 = 1.67; the remainder of the Increase
is due, perhaps, to the overhead assocliated with the
statistical evaluations when performed on the CYBER. As a
consequence, the 30 Hz sampling frequency is sufficient for
the tracking algorithm to provide good performance and at
the same time minimize computer processing time.

7.2.2 1lmpact of Hardware Bendinq/Vibration. The issue
related to the repurcussions due to the bending/vibration
phenomena addresses two concerns. The first concern
considers the effect on the filter algorithm as the expected
degree of bending and vibration of the space structure (see
Appendix A) is considered in the truth model while the
filter is not provided information regarding this phenomena.
This is a robustness concern.

Sections 6.3.1 and 6.3.2 discuss this impact with
respect to single filter tracking algorithms based on Gauss-
Markov acceleration and constant turn rate models,
respectively, and Section 6.4.2 discusses this issue with
respect to Gauss-Markov MMAF algorithm. 1In all three
instances, the inclusion of the bending and vibration
phenomena displays little or no effect to the mean position
errors as compared to the same scenario without the
bending/vibration states. However, the error standard
deviations associated with the error reflected increases on
the order of 0.2 to 0.3 pixels. Only in the case of the y-

position estimate mean error and one standard deviation with
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_g o~ the CTR filter did the total RMS error exceed one pixel,

.b' f}f thus distorting the tracking ability of the algorithm. Both
3: Gauss-Markov algorithms, the single filter and the MMAPF,

*& maintained favorable tracking ablility with the expected
:i\ vibration and bending levels included in the truth model.

- The second concern addresses the effect of increasing
ji the vibration/bending phenomena by an order of magnitude;

= this was presented in Section 6.4.3 without additional

;_ tuning. This simulation showed that, although the filter's
-E; mean errors did not change significantly, the one sigma

;ji values increased by a factor of four or five, to between 1.5
':: to almost 2.0 pixels. The desired tracking accuracy to less
;ﬁ than a pixel in resolution is severely impeded by the large
:2' ;\ standard deviation values. Thus, to maintain adequate

éﬁ i resolution and tracking performance capability, the degree
ﬁﬁ of bending and vibration due to the flexure of the structure
j:— should not exceed that discussed in Appendix A, provided no
}2 filter remodeling has compensated for this effect. If

,%3 retuning is allowed, as was presented in Section 6.4.4, it
P

‘:X was shown that the MMAF's ability to select the appropriate
»;i filter model for accurate tracking and pointing was severely
;E impeded by the measurement variance compensation.

R 7.2.3 Filter Sensitivity to Varving Parameters. This
ﬁi section summarizes the relationships observed for varying

;ZE selected parameters in the tracking simulation as discussed
A

in Section 6.5. The first scenario, scenario #1, shows that

increasing target range by two orders of magnitude from
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'
y )25 nominal, where the nominal is 20,000 meters, results in EZ
RN .
" comparable performance (mean t 1 sigma values) to the fi
benchmark scenario when the pixel size is decreased by two ;é
y orders of magnitude from nominal (20 Mrad on a side). This é?
concept provides a viable comparison to any other tracking g
algorithm where either the range or the pixel size is EZ
? different from that which is employed in this algorithm. &é
| The second scenario, scenario k4, consists of the same {ﬂ
d parameters as the benchmark scenario with the exception that gh‘
E the target pulls a 20-g turn instead of a 10-g turn. This EE
’ scenario is performed with the intent of establishing the i\
. benchmark of performance for a subsequent 20-g simulation i;;
; and demonstrating the capability of the tracker to maintain ;E
¥ .

-,
@

good performance against a vehicle pulling a 20-g turn.

: This performance data proved comparable to previous efforts. E%
; The third and fourth scenarios, scenarios #5 and #7, Eg
t reflect different realizations of filter-assumed correlation ;_
; times than had previously been assumed. Both showed that, &t
; when tracking a target represented by a correlation time ;f

other than that for which the fllter was tuned, tracklng '

performance was not severely impacted. However, both cases

2 exhibited a time-increasing bias in the x-channel commencing
at the time of the maneuver initiation. Also, the bias {:
tends to worsen as the correlation time gets faster, l.e., .
represented by a smaller T, Also recall that the mean

squared value of acceleration with respect to the driving :
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white nolise remained equivalent to that in the benchmark
case where the slower correlation time had been assumed.
This gives rise to the conclusion that, given a bank of
filters based upon a particular set of assumed correlation
time parameters, if a time-increasing bias in the mean error
is prevalent, a possible way to counteract this effect would
be to lncrease the strength of the filter driving white
noise, possibly via an adaptive parameter estimation method.

The fifth scenario, scenario #9, demonstrated the rela-
tionship between pixel size and filter "Q", given that all
other parameters don't change. This demonstration showed
that, as the pixel size decreases, the filter white noise
strength should decrease by a corresponding amount (both
decrease or both increase) if the same basic estimation
characteristics are to be maintained.

7.2.4 Target Trajectory Results. The tracking

algorithm's performance against two target trajectories

not previously considered showed that the algorithm
adequately tracked the targets. However, in both cc.es, the
RMS value of the error statistics approached the total of

one pixel, the bound upon which good tracking is predicated.

7.3. Investiqations of Rotating Rectangqular Field-of-View.

Preliminary investigations as to the feaslbility of
implementing a rotating rectangular field-of-view filter
have been conducted. The intent of these investigations was

to determine a method by which a rectangular FOV filter
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could be rotated so as to align the "elongated” side with

5.

vy

E,
[ 3

the best estimate of the acceleration vector. The reason

behind desiring a rotating filter is the possibility of the

tracking algorithm to perform its function with four fllters

A R
A

v ey W —
CORCI R e
D « e
. BT
R AT A
N e .

’

Pd

rather than five {(or even more if one were to allow a larger :
field-of-view dimension to exist in directions other than
pure azimuth and elevation), as had been done previously. N
The first instinct in pursuling this task was to utilize the :

estimated acceleration vector, as determined from the

PRI

multiple model adaptive estimator subroutine embedded in the
software, for orienting the longer side of a rectangular

field-of-view. Analysis of the data provided from a single

8y
.

Monte Carlo simulation for the Gauss-Markov tracking
algorithm against a trajectory #2, 10-g maneuver revealed

that utilizing the estimated acceleration was not a good X

.
L%
-
-
....
".
te
.“
'-l
E

choice. The reason for this is that the estimated accelera-

tion vector is a noisy estimate that can change quite

rapidly, and did in fact change sign (direction) from frame

to frame at one and one-half seconds into the scenario.

T P A TR T

This is where the estimated acceleration vector tended to
oscillate between the first and second quadrant (of a
Carteslan coordinate system) for a period of 17 frames. 1In
addition, from a frame-to-frame evaluation of the respective
angular separation of sequential estimated acceleration
vectors, rotations of 30 urad to 135.31 mrad would be
required In order for the FOV to maintain alignment of {ts

"elongated" side with this vector. The inconsistency
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= associated with estimating the acceleration vector and the

.
P
4

corresponding large rotation angle (135 mrad = 0.75 degq)

necessary to rotate an array of picture elements compelled

3
.

further consideration of the rotational concept with respect

e
L)

to following the estimated velocity vector.

.‘d'\‘-\‘\‘n’c‘._‘\'
i

Initial evaluation of the estimated veloclity vector as

RN

[N

a candidate by which to command rotations showed much more

stable characteristics than did the estimated acceleration

UL AT A

vector. Oscillations from frame to frame were not apparent

PR
(W ]

and anqgular difference from frame to frame ranged from as

N

small as 10 urad to as large as 7.38 mrad. Rather than i

attempt to align the "elongated" axis with the estimated ,3

velocity vector (as was the intent i1f estimated acceleration o
i.. were used), aligning the "short" axis of the rectangular FOV '

with the velocity vector direction is considered since this

maintains the acceleration vector along the "elongated" side §f

(assuming that acceleration is predominantly orthogonal to

frld

velocity).

Several rotational methods were attempted using

B N T T I TR
LAY .,

different combinations of the filter states, the truth model

ey

a
3

states, and the hotspot intensity peaks, i.e. rotate filter

. .
LN LN

« ww
L]

states, truth model states, and hotspot intensity peaks all
in same direction or rotate filter states and truth model

states in one direction and rotate hotspot intensity peaks

RV 4
PR

in the opposite direction. All evaluations of these N

~
rotations provided similar results. The tracking algorithm ’

133 o
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N performed well initially and then tended to "lose track” for ;E:
:ﬂ;‘ the majority of the simulations. This problem stemmed from Ei;
the fact that, although the states from the current frame ;E:.

are rotated, the rotated image array generated from the EE;

v

current frame (s correlated with the "smoothed” image zﬂé
(template) from the previous frame which is not rotated with %?

respect to the current frame. This coirelation of the é;:

present data with the previous Image (smoothed) is the £3~
mechanism by which the filter measurements are extracted. E;t;

In effect, what has been shown is that, if the currently kg:

e

generated rotated image is correlated with an unrotated 33?

image {(or otherwise interpreted as delaying the rotation by ”jg

a sample period), the performance capability of the Gauss- gﬁ

= Markov tracking algorithm degrades significantly. This is, 53:

in effect, a suboptimal implementation of the rotating FOV Ejﬁ‘
method. One means of compensating for the time lag would be éﬁi
to rotate the template (previously generated image) by the :ia
same amount, and at the same time, as the filter estimates. ﬁi;
However, if the FLIR image plane is physically rotated by an .E?'
angle @, the image in that plane appears to rotate by -8; fﬁt
therefore, the simulation of the true image rotation by 6 ;fﬁ
corresponds to the tracker's x and y axes rotated with Eﬁ
respect to the original orientation and the reconstructed ;5
image requiring a rotation by -6. &;:
A method of implementing a rotation to a spatial image ;;j
array can be found in (6). This method transforms an N X N :;ﬂ
x-y spatial array to a 2N X N/2 R-theta plane array as E;i‘
BN
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depicted by Figure 7.1. EBach row in the R-Theta plane
corresponds to an angular displacement in the x-y plane from
the center of the plane; each row (or each elemental
increment in the horizontal direction) egquates to an

increment of x/N radians If an image is considered to cover

N (x) — N/2 (R) — B

N 2N
(V) (8)

a) Spatial Domain

NOTE: ILLUSTRATED FOR N=12

b) R-Theta Plane

Figure 7.1 Spatial Domain to R-Theta Transformation
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5&% 360° in the x-y plane (symmetry can be exploited if the x-y ;z

. plane lies in the Fourler domain, which is presently not ?;

: considered, and, in this case, an image can be considered to 5&
{ cover 180° in the mapped space (x-y plane) and accompanied %g‘
| by its complex conjugate). ;;i
E Rotations are simply performed in the R-Theta plane by "
: shifting rows up or down by the number of incremental ig;
angles that correspond to the desired angle of rotation. g;

One would expect not to be able to rotate by exactly a é;

] desired amount, but to the "closest™ incremental rotation ;Ef
possible based upon the number of "N" discrete quantities. !::

Since the image array in the GM tracking algorithm is EF:

o

'ﬁ}

represented by a 24 X 24 array, each row, if this method

&
L J ;../ .

were to be employed, would correspond to an increment of

v

x/48 radians. To implement such a rotational algorithm for

.
KR
e

this tracker, preliminary investigations have disclosed that

angle increments in Theta on the order of 1 to 3 mrads would i_J
be necessary for the filters to be able to maintain "lock" iég'
on a frame-to-frame basis. One topic discussed in the }E?
following section is a proposed implementation technique lf

that may warrant further investigation.

7.4 Recommendations for Further Study )
®
The following recomendations are suggested for further ﬂﬁ

study in enhancing the FLIR tracking system:

1. PFurther investigation of the effects of the
bending/vibration phenomenon may be necessary. If the level )
136 N
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of bending/vibration is actually greater than that which is

expected (see Appendix A), additional filter tuning should
be performed (taking into consideration the bias effect) or
the possibility of modeling the bending effects in the
filter modet should be conducted. Representing the bending
effects in the filter model via reduced order modeling
should be considered.

2. Implementing the rotating rectangular field-of-view
should be investigated. One possible means of rotating the
image template would be to reconstruct the image array
consisting of a 24 X 24 intensity data array into a 96 X 96
intensity data array (effectively transforming each element
in the 24 X 24 array into 4 elements in the 96 X 96 array)
and perform the R-Theta transformation previously described.
This redefined image could then be rotated in increments of
n/192, or 3.27 mrad. Although the 96 X 96 array definition
provides a good starting point for possible implementation,
it is certainly not the only possible choice. The image
could then be inverse transformed back to the x-y spatial
domain and redefined to a 24 X 24 intensity data array to be
correlated with the currently constructed image.

3. The problem of initial target acquisition should be
investigated. 8Since accurate velocity and acceleration
estimates are not avallable a priori (as was assumed in this
effort), they should be determined on-line. One potential

solution would be to estimate velocity and acceleration by
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" o e PSR, P gty
Y 4
N -
;;z .- the method: vy, = Ax/At and ay = Av,/At, where the x-centroid
b *@?‘ and y-centroid locations at adjacent sample times could be
.?ﬁ used to determine Ax and Ay. Also, At should be made as
:s small as computation time will allow and still minimize the
'ﬁ: time-to-acquisition. Another potential solution would be to
'%f employ the inverse covariance Kalman filter propagation and X
;; update forms described in Maybeck (9) to estimate initial ;
%§ position, velocity, and acceleration variables on the basis
;{ of a batch of N measurements (no a priori information
BSS assumed, i.e., go'l = 0), and then switch back to the
ﬁ% conventional form once g'l becomes nonsingular.

"zg 4. Still requiring investigation for this tracking E
?% algorithm is an indepth target/decoy sensitivity analysis. E
ft - Sensitivity to the following parameters should be pursued: .
:% ‘2 (1) decoy intensity, shape, and size, (2) separation from

:é& the target during decoy ignition, and (3) tracking time

Ed prior to decoy release. Image and/or fllter residual

iﬁ characteristics should be analyzed in order to suggest ways

VE% in which decoys may be distinguished from targets. 5
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Appendix A :3'
o e
~ Mechanical Truth States Development N
4
The mechanical bending/vibration model used in this :E,
.:\-:
study was based on a report prepared for AFWL by the staff }f
of R & D Associates and of Cambridge Research (15). This LI
model is by no means the only possible structural configura- -2
\ tion for a space-based structure; however, it does provide ﬂ:‘
the necessary mechanical considerations felt necessary to [r
i
describe the effects of bending and vibration at several jb_
e
locations about a typical large structure. The predominant f:
\g sources of random excitation in a space based structure are u_
. o
: caused by (15:4-1): et
P o
ed
h‘{
~ 1. Coolant flow through the mirrors, the resonator T
‘ ilf power management equipment and the associated Pv
. supply systems; o
2. Fluctuating combustion chamber pressures; ji
7
3. PFluctuating pressure generated by the laser exhaust T
flows; '
S
4. Conditioning and transfer of laser reactants; and o
5. 8Steady state operation of the control moment gyros. ﬁ
SN
. -
The power spectral density (PSD) curve of Figure 2.2, which -j-
z is shown on the following page as Figure A.1, was determined hz
3 to be the predominant contributor to the bending/vibration -
)
effects on a tracker's line of sight, with the response in C}
N both the x- and y- directions being similar. Although this fi

PSD response represents the dlsturbance seen at the

secondary mirror LOS, a similar response with approximately

: 140
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a 60 dB isolation between the two is expected at the
tracker's LOS (5). This research effort approximates the

response of the system due to the PSD curve of Figure A.1l to
be represented by a second order Markov process described by

the transfer function:

2
Xp Kbwn
G(s) = = - 5 (A-1)
LS 8 + 2fwps + wp
where:
wnh = bending/vibration mode natural frequenc:, = .5 Hz.
= 3.14159264 rad./sec.
Kp = gain adjusted to obtain the desired root mean

square (RMS) bending/vibration output, opy:
where opy is defined later in Equation (A-23)

= damping ratio, = .15 (17:359)

The roots of the characteristic equation can be determined
by solving the quadratic equation formed by setting the

denominator of Equation (A-1) to zero, resulting in:

S1,2 = Op + Jwp, = -.47124 + 33.10605 (A-2)

The corresponding state space representation in standard

obhservable form for both directions would appear as:

rxblﬂ FF]_l F12 0 0 ] Fxbﬂ FO 0 ]
Xp2 F1 F2 0 0 Xp2 Gp 0 Wb x
= + (A-3)
Ybl 0 0 Fj3 Fi2| |Yb1 0 0 Wby
0 O PFoq F 0 G
| Yb2 | | 21 F22| |Yb2| ! b
and:
142
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------- .’.n
~
s
A J
- N
b ': S
e ':::"-: Z2p =|/1 O 0 0 Xp1 :
RS Xp?2 (A-4) o
0 0 1 0 Ybil )
A Yb2 -
- where: >
-~ Fj;3 =0 ':-
Fi2 = 1 [
Fyy = -wn2 = ~9.647547 tad.zlsec.2 ;
[N ‘
Fp2 = -2lwp = -.94248 rad./sec. >
- Gp = Kpwn> = 9.647547Kp,
-\ R
i} Equations (A-3) and (A-4) are of the form: b
. -~
, » -
.- x = Fx + Gw (A-5) -
- and E
-_J .-
< <
’ ) - z = L{i ( A- 6 ) <
. §e .
-': B :. d
A The state transition matrix, ¢, can be derived by p
:._ &,
,Q employing the following relationship: ﬁ
o -1 -1 V.
N p(At) = L “{I(sI-Fp) 7} (A-7) -~
\: At n\
::j where: ::
) p\
LR .
g L = the Laplace operator .
& I = the identity matrix ::
- At = the sample period, tj,; - tj =
Performing the operation defined by Equation (A-7) on Fp ::
Y
results in the following form for the bending phenowena ::
state transition matrix: B
AN N
- \"\' ‘h.
X o

Y
143 :;
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S

2
."-".

where:

*b3 =

*b4

A discrete-

where:

*b1 *b2 O 0

%3 %pe O 0
$p(At) = (A-8)

0 0 o1 #p2

0 0 #p3 ¥py

exp(-opAt)lcos(wphAt) + (op/wp)sin(wpAt))
.9945787985

= exp(-opat) ((1/wp)sin(wpAt) ]

.03275523095

exp(-opat){-(1 + (cbﬂub)zlsln(wbdt)}
~.1040812213

exp(-opAt) [cos(wpat) - (op/wp)sinlwpat))
.9637076486

time model of the propagation of x;, is given by:

Xp(tie1) = Epxp(t;) + wpg (A-9)
tivl
¥pd = jf & (tj+1, )G (TIwp(T)AT (A-10)
ty

and wpq has the following statistics:

and:

Elwhg(tj)) = 0 (A-11)

Elwpa(tydwpa  (t5)] = Qpadyy (A-12)

tiel
Qpa = ./- !b(t1+1,T)Qb(T)Qb(T)QbT(T)!bT(tx+1'T)dT (A-13)

ty
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’,

"

: . -

RS Qpa1 Qa2 O 0 |

o Lo,

" Qbda3 Qbas O 0

(: = (A"‘l‘)

b Y 0 Ubd1l Qba2

",

hY. o 0 Qba3 Qba4

-y L -

’ where:

N tiv1

N _ 2, 2 2

o Qpal = Gp #p2 A7 = .3254294713 K)p

S

o ti

-,

:: tisl

& Qpa2 = Gp2#p29p4dT = Qpa3 = .01038495095 K>

- ba2 b ¥b2%b4 ba3 . b

g

@ t;

: tis

< 2, 2 2

" ‘-. Qbd4q = Gp ®pq dT = .3055407229 Kp,

o

[ T T ti

-

’-

= Note that the elements of Qp3 have been expressed in terms

A of the power spectral density gain parameter, K. Although

N

f current technology assessments on large space structure

r mechanical disturbances indicate radial displacement levels
consistent with those of Figure A.1l, this parameter can

;f easily be varied to analyze the level of disturbance that

5 would degrade filter performance.

) For the simulation implementation, the discrete-time

propagation equation was implemented in the following form:

. “' .'- ‘.. . ". .

Xp(tisr) = epxplty) + c‘fqbd wnlty) (A-15)

where:
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;ﬁ: i/gbd = Cholesky square root matrix of Qpg $
Wn(tij) = vector of independent, unit-variance, ',
gaussian nolses e
In order to determine the value of Ky, the form of the &
’ »
’ covarliance matrix must be known. If uncorrelatedness '
between the x- and y- directions are assumed, then the
covarlance matrix appears as:
- - L.
Pbl sz 0 0 K
Pp3 Pp4 0 0 :\
Pp = {A-16) oy
Y 0 Pp1 Pp2 K
@ ]
: 0 0 Pp3 pb‘_f
— .:\
ii. Now, if the time derivative of the covarlance matrix is set -
9 )
equal to zero, the steady state value of Ky can be derived -
by solving the following relationship: -
S . T T .
Pp = FpPp + BpFp + GpQnGp = 0 (A-17) i
; which yields a 4 X 4 block diagonal matrix where each 2 X 2 b
o ‘-
. -
P block is of the form: »
]
: 2Pp2 Pbqa + Fp3Pp1 + FpePp2 o
. 0 = (A-18) -
Pb4 * Fp3Pbl ¢ FpePb3  2Fp3Pp2 + 2FpePpy + Gp | -
.
This implies that: o
X Pp2 = 0 = Pp3 (A-19) ;
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j: Two equations with three unknown values (Ppj, Pp7, and Gp)
". DA

MR remain:

N Pb4 + Fb3pbl =0 (A-20)
‘qi 2

g 2Fph4Ppe + Gp =0 (A-21)
-

e Another equation relating one or more of the unknowns, Gy,
5i Pp1, or Phpy, 1s necessary in order to accommodate a solution
-

- to the above relationship. The variance of the output

~ provides such a relationship:

"::u

-r"'v

w Pyz = Elzz'}

'~ T, T

it = E(Hxpxp H' ]

e E[xb12] 0
. = ) (A-22)
IR

0 Elyp1“)

A~
®.

b}

NN Making use of the fact that:

\-. A

\_.\

N 2 2 2

) E(xpy1 ) = Elypy | = Ppy = Opy (A-23)
)

2 2

b? and op, Is equal to the area under the PSD curve which is

:; approximated by the following equation (a geometrical

s
<

approximation to the area of Figqure A.l):

opvl = (.5)(Kp2) + (1/2)(.2) (14Kp?)
+ (1/2)(700) (15Kp?)
= 5251.9(Kp2) rad.’/sec.? (A-24) ;
‘
where: ;
q
Kb2 = PSD magnitude at zero frequency h
o3 147
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The first term in this approximation is represented by the
area in Figure A.1 shaded by horizontal lines, the second
term by the area shaded by vertical lines, and the third
term by the dlagonal lines (Note: levels below 1E-19 are
ignored). Bquatlion (A-24) is used to solve Equation (A-20)

for Ppgq in terms of the zero frequency PSD value, Kp:

Pp4 = Wn0py. = 5.183E+04(Kp?) rad.¥/sec.!  (a-25)

The derivations thus far have defined all of the parameters
necessary to perform a time propagation of the states of the
bending/vibration model. In order to provide measurement
update relationships compatible with the tracking algorithm,
the measurement variables should be expressed in terms of
pixels. 8ince the propagation variables are expressed in
terms of radians, a simple conversion from radians to pixels
is necessitated, with the resulting output relationship
appearing as:

kp 0 o 0

Y = Xh (A-26)
0 0 kp 0
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APPENDIX B

SIMULATION PROGRAM FLOW DIAGRAM
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N Appendix B -
~ o
S Computer Simulation Flow Diagram Y
A Y
, 2
f Read in parameter values, i.e. number ~
- of frames, number of simulations, filter Q
= and atmospheric jitter variances, type ~
. trajectory, correlation time constants, <
" turn rate for pull-up maneuver, pixel size, N
. and initial position ~
' ,.:
5 :
-~
1

)\ Begin the simulation

“

- |

o’
° Initialize shift variables, smoothed

- data arrays, truth model state
Fe vector, and centroid location

N

M .

L
o
@

Initialize the state transition matrix
and the discrete noise strength
matrix for each filter

Initialize the covariance matrix
i and state vector matrix for
- each filter

% Initialize the truth model lnput
” distribution matrix
. =
- o
: Define the location of the Qﬂ
" field-of-view for each filter with o
", respect to the initial position N
s s “ l S
L ‘:': .‘:]
~o d
I ': :':*
> 150 3
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.
RIS

S
‘A

Get the initial hotspot offsets from
the target center of mass

Begin tracking the target for the
number of frames read in from
the input data file

Define the Gaussian peak locations s
for target image simulation based N
on centroid position N

Get the measurement noise array and .
define a measurement noise array for -
each flilter's fleld-of-view size

Ve |
| :

Calculate the measurement noise ;
for each filter

Determine the measurement array ‘
for each filter -

4 .

Pad the measurement arrays with zeros v
for those elements greater than the N
filter's field-of-view (measurement ~

array ls dimensioned 64x64)

|
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d correlated and uncorrelated measurement
noise to filter measurement data
(See Section 4.3.2)

Create the linear offset measurements
by comparing data array to the smoothed
data array (generated from the previous

frame) in the enhanced correlator

Incorporate the measurements and get
updates of filter states and covariances

Calculate relative filter probabilities

{

Update the multiple model adaptive
filter estimates

Compute the shift information from
the center of the field-of-view
using the MMAF estimate to
initiate data centering

Sshift the data to center it, then
perform a smoothing operation to
establish the template for the
following frame

4

Print the fllter's template and/or
print the data array
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- Propagate the filter estimates forward

j: in time by one sample period ;
- :
!. :’_: g
S Calculate the multiple model adaptive

{3 filter estimate prior to the measurement
;:‘ Apply control by redefining location of y
X the field-of-view for each filter -
N prior to the next measurement
2 X
@

Test for loss-of-track, or when the

estimate of target position is within 3
one pixel from the edge of the FOV, :
and perform reagquisition {if necessary N

<
-
K
. -.‘
a

Propagate the truth model states forward )

- in time by one sample period ‘
;; Return to "Define the location of “

the field-of-view for each filter
with respect to the initial position"
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Figure C-32.
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Figure E-21.
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APPENDIX G

MULTIPLE MODEL ADAPTIVE FILTER SIMULATIONS
TARGET TRAJECTORY SENSITIVITY ANALYSIS
(REFERENCED FROM SECTION 6.6)
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Figure G-12.
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